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First radial excitations of baryons in a contact interaction: Mass spectrum
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We compute masses of twenty positive parity first radial excitations of spin-1/2 and spin-3/2 baryons
composed of u, d, s, ¢, and b quarks in a quark-diquark picture within a contact interaction model. These
excitations comprise of two elements; one characterized by a zero in the Faddeev amplitude, representing a
radial excitation of the quark-diquark system and the other marked by a zero in the diquark’s Bethe-Salpeter
amplitude, corresponding to an intrinsic excitation of the diquark correlation. Wherever possible, we
compare our results with other models and/or experiment. We verify that the masses obtained through our
model conform to the spacing rules for all the baryons studied, whether light or heavy and whether of spin-
1/2 or spin-3/2. The computed masses do not just offer a guide to the future experimental searches but also
compare well with the existing candidates for the possible radial excitations of some heavy baryons.

DOI: 10.1103/PhysRevD.110.074015

I. INTRODUCTION

More than sixty years ago, the Faddeev equation was first
proposed in Ref. [1] to investigate the three-body bound
states. Therefore, this equation is ideally suited to study
baryons. However, this problem can be reduced to two-body
subsystems if we employ a quark-diquark picture. It is well-
known by now that the difference between these two
approaches yields a difference between the computed baryon
masses of merely about 5%, see Refs. [2,3]. The obvious
advantage is that it considerably reduces mathematical and
computational difficulties by converting a three-body prob-
lem into a two-body one. Gell-Mann suggested the idea of
diquarks in his renowned article of 1964 [4]. Within a couple
of years, some of the earliest attempts to compute baryon
masses were made in Refs. [5,6]. Static pointlike diquarks
were used in efforts to explain the problem of missing
resonances as early as in 1969 [7].

“Contact author: Ixgutierrez@conacyt.mx
‘Contact author: alfredo.raya@umich.mx
:]fContact author: luis.albino.fernandez @ gmail.com
SContact author: roger @uas.edu.mx

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(7)/074015(17)

074015-1

The diquarks that we employ in our work are dynamical in
nature with finite electromagnetic extent and an associated
mass-scale which are both bounded below by the corre-
sponding quantities characterizing the analogous mesonic
system. A comprehensive review, Ref. [8], and the references
therein, are an excellent source on our improved under-
standing of diquarks and the role they play in studying the
baryon spectrum and their internal structure. Diquarks are
paired color nonsinglet correlations of two quarks. Owing to
their color charge, these correlations are confined within
baryons, tetraquarks, or pentaquarks, making direct obser-
vation impossible. Two quarks can form product represen-
tation in a color sextet or an antitriplet configuration. When
exchanging a single gluon, a simple analysis of color flow
indicates that attractive interaction occurs between diquarks
in a color antitriplet arrangement while it is repulsive for a
sextet. Moreover, the diquark in a color antitriplet state can
bind with a quark to create a color-singlet baryon. That is why
these are dubbed as good diquarks [9]. Therefore, we shall
exclusively focus on gg states in a color antitriplet configu-
ration. Similarly to mesons, various types of diquarks are
distinguished by distinct Dirac structures. Therefore, we
have scalar, pseudoscalar, vector, and axial-vector diquarks.

One expects dozens of baryonic states with singly,
doubly, and triply heavy quarks. Studying radially excited
baryons is naturally more complex than studying their
counterpart ground states. Identification and analysis of

Published by the American Physical Society
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these states is equally challenging in the experiments. Radial
excitations of baryons with two heavy quarks have been
thoroughly studied through Poincaré-covariant Faddeev
equation (FE) for baryons [10] (we refer to this model as
QRS, after the initials of the authors of the Ref. [10]),
relativistic quark model [11], quark model [12], Salpeter
model [13], hypercentral constituent quark model [14,15],
the heavy quark effective theory [16], Faddeev method [17],
QCD sum rules [18-20], and Regge phenomenology
[21,22]. These baryons are significant as they represent
potential candidates for the states recently observed by the
LHCb experiment. For example, initial observations of the
baryon €2, with a mass of approximately 6.35 GeV suggest
that this state corresponds to the first radial excitation of
Q; (ssb) [23]. The LHCb Collaboration reported the obser-
vation of E; with mass 6.226 GeV. From the observed mass
and decay modes, it was suggested that =, state might be 1P
or 2§ excited baryon [24,25]. LHCb has also detected two
excited Q. states decaying to E.K~ with masses of around
3.18 GeVand 3.3 GeV and which can be interpreted as radial
excitations of Q0(ssc) and Q¥ (ssc), respectively [26-28].
Contact interaction (CI) is a useful theoretical tool to explore
the static properties of hadrons, particularly their masses. In
Ref. [29], masses of radial excitations of mesons and
diquarks were computed using this model. We extend that
work to investigate baryons and compute the masses of their
first radial excitations in the light and heavy sectors. For that
purpose, we have organized this paper as follows. In Sec. I, a
comprehensive examination of the FE for baryons with
different spins is conducted. Section III is dedicated to
elucidate the essential ingredients of our model to compute
radial excitations rather accurately. Our results, along with
the corresponding analysis, are detailed in Sec. IV and finally,
a summary and outlook is presented in Sec. V.

II. FADDEEV EQUATION

We base our description of baryons-bound states in the
quark-diquark approximation on FE, which is illustrated
in Fig. 1.

In this section, we shall examine this FE in detail and the
requisite components for our computation, adhering closely

P,

P

FIG. 1. Poincaré covariant FE employed in this work to
calculate masses of the first radial excitation of baryons. The
red square represents the quark-diquark interaction kernel.
The single line denotes the dressed quark, the double line is
the diquark while I" and ¥ are the Bethe-Salpeter and Faddeev
amplitudes (BSA and FA), respectively. Configuration of mo-

menta is: £,, = -+ P, k,y=—k+ P, P=P,+P,.

to the notation employed in Ref. [30]. Using this equation,
we can predict the masses of ground and radially excited
baryons with J* = 1/2% and J” = 3/2%, where J is the
total spin and P denotes the parity.

Figure 2 presents the SU(5) flavor depiction of these
states. The baryons multiplets that arise from 3 @ 3 ® 3
are a decouplet, two octets and a singlet. The corresponding
multiplet structure for SU(4) is 4®4 Q@4 =20,
2005 @ 2044 D 44. Note that explicit quark masses
break the flavor symmetry. The larger the group, the more
significant the amount of breaking as each new quark is
significantly heavier. However, this group algebra approach
helps us identify the baryons whose masses we are
interested to compute. As only a representative example,
we present such baryon multiplets with u, d, s, and b quark
in Fig. 2. The multiplet with charm quarks is analogous to
the one containing the bottom quark. A detailed examina-
tion of the FE delineating states both with J = 1/2 and
J =3/2 will be undertaken in the ensuing subsections.

A. Baryons with spin-1/2

The mass of the ground-state baryon with spin-1/2
comprised by the quarks [ggq,] and the momentum
configuration given in Fig. 1 is determined by a 5 x5
matrix FE. It can be written in the following form:

M(k,¢; P)

S(k; P)u(P) - d*r
AL(k;P)u(P) N (2m)*

S(¢; P)u(P)

x| . . (1)
AL(¢; P)u(P)
The general matrices S(¢; P) and Al (¢; P), which describe
the momentum-space correlation between a quark and a
diquark in the nucleon and the roper are described in
Refs. [31,32]. However, with the CI employed in this
article, they simplify considerably,

S(P) = s(P)I, (2a)
AL (P) = di(P)ysy, + ab(P)ysP,. i=+.0, (2b)

where the scalars s and a! , are independent of the relative

quark-diquark momentum and P?> = —1. FA is thus repre-
sented by the eigenvector,

The Kernel in Eq. (1) can generically be expanded as
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FIG. 2. Left: Baryons with spin-1/2. We show the mixed-symmetric 20-plet. Note that all the ground-state baryons in this multiplet
have J* = (1/2)". It has the SU(3) octet on the lowest layer. The singly heavy baryons are composed of a bottom quark and two light
quarks (u, d, s), located in the second layer. The doubly heavy baryons are positioned in the top-most layer. Right: Baryons with spin-
3/2. Tt depicts states of baryons with spin-3/2 made from four quarks of the types u, d, s, and b. Doubly heavy baryons and triply heavy

baryons are localized in the highest layers.

Mll MLI/Z MP le/4 M,ES
MU MZE MBS M M
MG Mg MS MG MG | (4)
ML ME MBS Mt MBS
MY M M M M

M(k,¢;P) =

The elements of the matrix in Eq. (4) are detailed in
Appendix D. In order to simplify Eq. (1), we use static
approximation for the exchanged quark with mass M and
flavor f. It was introduced first in Ref. [33],

1 1
S = . 5
P = o = (5)
A variation of it was implemented in Ref. [34],
1 g
S(p) . (6)

iy-p+M; iy-p+M;

We follow Refs. [35-37] and represent the quark
(propagator) exchanged between the diquarks as

ST(k) — Agl—f;. (7)

The superscript “T” indicates matrix transpose. However,
in the implementation of this framework to heavy baryons
in the ground state with spin 1/2, it suffices to use gz = 1,
as discussed in Ref. [30]. For radial excitations, however,
this value will no longer be 1, as will be explained in the
subsequent sections.

The spin-1/2 heavy baryons are represented by the
following column matrices:

[ [uc]c [sc]e
Uzt (uce) = {CC}M ’ UQt (scc) = {CC}S ’
| {uc}e {sc}e
[ [sc]s [ [uclu |
qu(ssc) = {SS}C ’ Ustt (uuc) = {MM}C ’
| {sc}s | {uctu |
[ [ub]b [ [sb]b ]
UED (ubb) = {bb}u |, ug: (s = | {bb}s |,
| {ub}b [ {sb}b |
[ [sb]s [ublu
uQ;(xsb) = {ss}b ’ uZ;r(uub) = {uu}b ’
| {sb}s {ub}u
[ [cD]c [ch]b
UQ(ceh) = {ectb |, UQ(chb) = {bb}c
| {cb}c {cb}b

Note that we use the notation introduced in Ref. [37], [¢q,]
for scalar diquarks, and {qq},{qq,} for axial-vector
diquarks. The Faddeev amplitude for baryons with spin-
3/2 is different from that for spin-1/2. Below we discuss
the fundamentals of the FE and FA of these baryons.

B. Baryons with spin-3/2

Baryons with spin-3/2 are specially important because
they can involve states with three c-quarks and three b-
quarks. In order to calculate their masses, we note that it is
not possible to combine a spin-zero diquark with a spin-1/2
quark to obtain spin-3/2 baryon. Hence, such a baryon is
comprised solely of axial-vector correlations. The FA for
the positive-energy baryon is
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lP}t = Wﬂl/(P)ul/(P)’

where P is the total momentum of the baryon, u,(P) is a
Rarita-Schwinger spinor,

WPty = Tyg uB, (£49) Dy (P, (P),  (8)

. 1+ .
with A, . is the

Appendix D and,

diquark propagator defined in

D,,(¢;P) = S8(¢; P)s,, + rsA (¢ P)C5r. 9)

Understanding the structure of these states is simpler than
in the case of the nucleon. We have provided more details in
Appendix A. In what follows, we only consider the baryons
with two possible structures; ggg and ¢,qq.

1. Baryons (qqq)
Only one possible type of diquarks exists for a baryon

composed of same three quarks (ggg). In this case,
the FA is

Dv/l(f’P)uﬁ(P) :fB(P)IDuf(P) (10)

Employing Feynman rules for Fig. 1 and using the
expression for the FA, Eq. (10), we can write

9B d'¢ B B

fP(P)uj(P) = 4
where we have suppressed the functional dependence of
M,, on momenta for simplicity, and

S SRS +
My = ZlF%qq}.p(l‘M)lr%qq}w(_k‘iq)sql <l‘11)Aiqq},ﬂv(l‘l‘1)'
We now multiply both sides by ﬁg (P) from the left and sum
over the polarization not explicitly shown here, to obtain
[ d4/

M, A (P)R,.  (12)

A+(P)Rﬂﬂ(P) = 4V (2”)4

Positive energy projection operator A and R,; are defined in
Eqgs. (A7) and (A14) in Appendix A. Finally we contract with
0, and with the aid of a Feynman parametrization, we obtain

» 9B E%qq} ! Qi 2 2 2
2 :'*/ dalLSCY (w(a, M2, m2 |, P?)),
My m?qq}w 0 Het o )
(13)

where Eqy,. is the structure in the BSA in Eq. (C2) in

Appendix C. The function Cilu is defined in Eq. (B6) in the
Appendix B, and my,,, . is de diquark mass. We have
defined

L9 = [m%qq}ﬁ -(1- a)sz][—aPz + Mq]’
(l)(a, Mé’ m%‘I‘I}H ’ PZ) = M%(l - a) + am%qq}ﬁ
+ a(l — OC)PZ.

The color-singlet bound states constructed from three iden-
tical heavy charm/bottom quarks are

ug = eeyel,  ugy = [{bb}b],

From the Eq. (13), it is straightforward to compute the mass
of these baryons.

2. Baryons (q1qq)

For a baryon with the quark component structure (¢,99),
there are two possible diquarks, {gg} and {q,¢q}. The FA
for such a baryon is

DE(P)ub(P;is) = )

i={q19}.{9q}

d'(P)8, i (Pss),  (14)
so that the corresponding FE has the form
dlaa} d*l dlaa}
B _ _ B
[d{qq} }u” N 4/ (271)4M [ dlaa} ]u”’ (15)
where

Mll
M= l " (16)

12
Mg
21 ’
M,

M2
with the elements of the matrix M given by

9B 1+
ML= fu B 1 (g
Mlll

g _
Mg =1tn M_BFy(”ﬂqq)F/lt (_k‘II‘I)S<lql)Apl):,{qq}(qu)’
q

)1:‘;14+ (_kqlq)S(lq)A/IIZ (5111’1)’

g + +
M,%i =t/ VBF;IJ+(fq1q)F;14 (_k‘ﬂ])S<l‘1)AflJ’/(fqlq)’
q

g + =1+ +
M/%% == M_BFIIJ (qu)r/ll (_qu)S(lql)A/lw (qu)’ (17)
q

where #/ are the flavor matrices and can be found in
Appendix E. The color-singlet bound states constructed
from three heavy charm/bottom quarks are

e e

U+ —
QL’(‘b

The column vectors representing singly and doubly heavy
baryons are

074015-4
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l/lz:rJr*(

'{uu}c}’

uuc) — _{MC}M

'{ss}c],

{ucte
Uz (uee) = |:{CC}M:| ,

{sc}e
Ui (scc) = |:{CC}S:| s

UQY(ssc) = _{SC}S
[ b b}b
Ust (yub) = {uu} :|7 Us0 (ybb) = |:{u } :|1
» | {ub}u v {bb}u
~ [{sstb _ [{sb}b
UQ -+ (ssb) = {sb}s s UQ(sbb) = {bb}s .

Now that we have introduced all the essential elements to
study baryons through the FE, we can move on to discuss
the crucial difference between studying ground and excited
states in the next section.

III. FIRST RADIAL EXCITATIONS OF BARYONS

For the sake of comparison with other works, exper-
imental results and PDG, we use the spectroscopic notation
n**1L;, where J is the total angular momentum, S is the
spin, n is the principal quantum number, and L is the orbital
angular momentum. The ground state is represented by n =
0 in this notation and the first radial excitation by n = 1.
The spectroscopic notation for the baryons in the first radial
excitation 1is, therefore,

Splﬂ 1/2 - 1281/2,
Spin3/2 — 1455,. (18)

Let us now recall that the leading Chebyshev moment of the
FA for the first radial excitation of a baryon should have a
single zero, similar to mesons [38]. However, note that the
scenario concerning the radial excitations of baryons is
more intricate than that of mesons or diquarks. In addition
to accounting for the zero in the FA, one must also consider
that the diquarks themselves might be radially excited.
To obtain the mass and amplitude associated with the
first radial excitation of a diquark comprised of a quark
with flavor f; and another with flavor f,, we employ the
same methods as detailed in Refs. [29,30,39]. In fact, for
our calculations, we incorporate the masses of the excited
diquarks in Table I as were computed in [29] employing the
CI. However, we naturally include an extra term associated

TABLE L.

with the first radial excitation possessing a single zero, just
like the radial wave function for bound states within any
sophisticated QCD-based treatment of mesons. In the
phenomenological application of CI, we follow the meth-
odology in Refs. [35,40] and insert a zero by hand into
the kernels in the FE, multiplying it by (1 — g*dy) which
forces a zero into the kernel at g> = 1/dy, where d is an
additional parameter. The presence of this zero reduces
the coupling in the FE and increases the mass of the
bound state. The presence of this term modifies the
functions C in Ref. [39] and now it must be replaced
by FU = C — d; D", where

. % s L
D" (w) :/ dss - dr —exp [-7w),

0 s+ 2, T
Fi(z) = —z(d/dz)F"(z) and F,(z) = F(z)/z. The
general decomposition of the bound states FE for radial
excitations is the same as the ground state. Now, we
only need to discuss how to choose the location of the
zero in the excitation. For this purpose, it is necessary to fix
the parameter d; this value was set to 1/dy = 2M? in
Refs. [35,40] for calculating radial excitations of light
mesons in pseudoscalar and vector channels. However, this
value was selected as Ref. [29] for heavy and heavy-light
mesons and diquarks. Nevertheless, the resulting BSA from
this dr selection proved exceedingly minute for diquarks
incorporating heavy quarks. This tendency is particularly
conspicuous in the scenario of heavy-light compositions.
These values inevitably impact our baryon mass calcula-
tions, as we necessitate precise knowledge of the implicated
amplitudes and masses for diquarks. This observation
compels us to carefully choose our parameters so that
the amplitudes yield minimal influence over our calcula-
tions. In the case of radial excitations of light baryons
using the CI model, the value of dr had been utilized as
1/dr = 2M*(1 £ 0.2). We have modified and unified this
value in the case of baryons containing heavy quarks. For
both baryons with spin-1/2 and spin-3/2, we use the
value dp = 0.1 GeV~2.

In Ref. [29], a more sophisticated method was used to
obtain dp; however, once the diquark masses are deter-
mined using this mechanism, obtaining this parameter for
baryons becomes straightforward. Our immediate benefit is

Scalar and axial-vector diquark masses in its first radial excitation obtained in [29] using the parameters

described in Appendix B. In calculating the mass of radial excitations of diquarks, the value of d is derived from an
equation obtained through a fit to the masses of meson excitations. For further details, we refer the reader to

Ref. [29].

Scalar diquark ud us s cs ub sb cc cb bb
1.28 1.52 1.72 2.53 2.78 5.68 5.94 3.90 6.80 9.68

Axial-vector diquark ud us ss cs ub sb cc cb bb

1.48 1.63 1.80 2.57

2.78 5.68 591 3.92 6.85 9.71

074015-5
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the reduction in the number of parameters used in our model.
On the other hand, another parameter we need to fix for our
calculations is the value of g in Eq. (7). For light baryons in
the ground state using CI, we set gz = 1.18 for the baryon
octet and gg = 1.56 for the baryon decouplet [35,37].
Therefore, it modified in [30,39] for heavy and heavy-light
baryons in the ground state, where g = 0.75 was employed
for baryons with spin-1/2, and gz = 1 for baryons with spin-
3/2. For the first radial baryon excitations, the selection of g
values adheres to the following criteria:
Baryons spin- 1/2: Deriving the mass of these baryons
involves the scalar and axial-vector diquark ampli-
tudes, such that

98E 4q,10 Elgq,0+ = 9B

98E14q.10* E(gqy1+ = 9

98E 4q,10 E(gq, 11+ = 95

95Eqq11+ Egqye = 9s-
98E{gq 11+ Efgq 1+ = 9p- (19)

For baryons composed of one or no heavy quarks with
spin-1/2, we use the value gp = 3.5. However, for
baryons with double and triple heavy quarks, we
use gg = 1.

Baryons spin-3/2: In this case, the baryon is composed
only of axial-vector diquarks; then we have two cases:
Baryons with (ggq,) or baryons with three identical
quarks (gqq). For different quarks,

98E(gq 11+ Efgqp+ = 9B (20)

When the three quarks are identical, as in the case of
the heaviest baryons,

gBE{qq}l+E{qq}1+ — Jp- (21)

For this case, for baryons composed of one or no
heavy quarks, we use gz = 10 and for double and
triple heavy baryons, we use gz = 7.

Finally, employing the diquark masses in Table I
obtained in Ref. [29] for radial excitations, the parameters
described above and Tables X and XI in Appendix B, we
present our results in the next section alongside those from
other models.

IV. RESULTS

This section unveils our numerical findings concerning the
baryon masses for the states n = 0 and n = 1. To enhance the
depth of our analysis, we employ graphical illustrations,
providing a visual narrative of our work alongside compar-
1sons with alternative models. In Table I, we show the masses
of the excited scalar and axial-vector diquarks obtained in the

TABLE II.  Spin-1/2 baryons. Masses from CI in the ground
state are taken from [30,39]. Our results for the first radial
excitation of the baryons are presented in the sixth column using
CI. Additionally, we have included results that explore the
variation of the parameter g + 0.5. The results abbreviated by
QRS are taken from Ref. [10] and the experimentally results from
Ref. [41].

n=20 n=1

Baryon Exp. CI Exp. QRS CI

N(uud) 094  L14 144 144 144791
Z(uus) 119 136 166 158  1.907%%
E(sus) 131 143 - 172 1.967997
25t (uuc) 2.45 2.58 e 2.65 2.7179%9%
Q(ssc) 2.69 2.82 e 2.93 3.3370%
Eif(ucc) 362 364 - 386 396701
Qf.(sce) e 3.76 e 4.00 4.46709%2
= (uub) 581 578 o 591 5797018
Qj(ssb) 604 601 - 620 636701
Q(cch) e 8.01 e 8.33 8.947004
29, (ubb) 10.06 1039 10.247993
Q;,(sbb) 10.14 1053 10377912
Q(cbb) 11.09 1160 11.7179%%

article, which are necessary for calculating the masses of
excited baryons.

A. First radial excitation: Baryons with spin-1/2

Experimental and calculated masses for ground and
excited light heavy-light and heavy baryons with spin-
1/2 baryons are listed in Table II, where we have included
the resulting masses when varying the parameter gz in the
range gp £ 0.5 in Eq. (19). It is evident from the results
shown that the mass decreases when the value of gp
increases and increases when gy decreases.

2.5

g
=)

—_
W

Baryon masses ( in GeV)

N(uud)

E(sus)

Y(uus)

FIG. 3. Differences between the ground states and their first
radial excitations for light baryons.
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8.8%

Baryon masses ( in GeV)

5%

o0
L I L B N L B L N B B B

TR

5.6%
22%

FIG. 4. Baryons with spin-1/2: Comparison between the masses of the ground states and their first radial excitations. Within each pair
of bars, the percentage difference between the masses for states n = 0 and n = 1 is indicated.

There are no experimental results for the radial excita-
tions of baryons containing one, two, or three heavy
quarks. We present our results alongside those obtained
in Ref. [10].

In Figs. 3 and 4, we pictorially depict the differences
between the ground states and their first radial excitations,
emphasizing their percentage variances. It is straightfor-
ward to observe that masses of excited states are always
more significant than those of the ground states. This is
attributed to the zero we have introduced in the kernel and
to the fact that masses of diquarks composing the excited
states are more significant than those of the ground states,
as evidenced in Table 1. In the heavy sector, the maximum
difference between the ground and excited states is for
Q. (scc) with 18.6%, and the minimum is for X+ (uub)
with 0.17%.

One of our most significant results is the mass obtained
for the Q; (ssb), as it is consistent with a state recently
detected in LHCb as a candidate for the first radial
excitation of the € (ssb) [23]. The detected mass is
6.35 GeV, and the one we obtain is 6.36 GeV, yielding
a difference of 0.15% between the two states.

Similarly, the candidate for the first radial excitation
of Q2(ssc) detected by LHCb shows a mass of 3.18 GeV
[26-28].0ur calculations predict a mass of 3.33 GeV,
resulting in a difference of 4.7% between the two.

TABLE III. The masses of first radial excitation of the doubly
heavy baryons in GeV and comparison of the results with other
predictions.

CI  SM[I8] RQM[11]  SMP [13]
Eff(ucc)  3.96 40 391 4.18
Q7 (scc) 4.46 4.07 4.08 427
20 (ubb)  10.24 10.33 10.44 10.75
Q;,(sbb) 1037 10.45 10.61 10.83

In Table III, we display our results for doubly heavy
baryons compared with other models, utilizing the QCD
sum rules formalism (SM) [18], Relativistic quark model
(RQM) [11], in a Salpeter model with AdS/QCD inspired
potential (SMP) [13]. Our results for triply heavy baryons
with spin-1/2 are compared in Table IV from SM [20],
constituent quark model (QM) [42], the renormalization
group procedure for effective particles (EP) [43], and RQM
[44,45]. Clearly, our results for both states are perfectly
consistent with those reported using other models.

The FAs are listed in Table V, highlighting the dominant
diquark in calculating the baryonic mass. At this juncture,
we also compare them with the amplitudes obtained for the
ground state. From these findings, it becomes apparent that
six of the baryons comprised of heavy quarks exhibit
altered behavior, wherein the predominant diquark con-
tributing to mass differs between the ground state and the
radial excitation. Conversely, only four maintain consis-
tency in behavior.

The masses of radial excitations, as well as the masses in
the ground state of the baryons, must adhere to the spacing
rule. Light baryons satisfy the Gell-Mann—Okubo mass
formula [46,47],

1

E (mN(uud) + mE(sus)) =

that predicts a mass of 1.63 GeV for m,qy), Which is in
remarkably good agreement with the experimental result of

<3mA(uds) + My (yus) ) ’ (22)

EN

TABLE IV. The masses of first radial excitation of the triply
heavy baryons in GeV and comparison of the results with other
predictions.

CI SM [20] QM [42] EP [43] RQM [44.45]
Q(cch) 894 8.65 8.46 8.6 8.40
Q(cbb) 1171 11.77 11.61 11.59 11.69

074015-7



L. X. GUTIERREZ-GUERRERO er al.

TABLE V. Baryon-1/2 FA. Notably, the amplitudes give the dominant diquark in the mass of the baryon. In the
last column, we indicate this diquark in each case. The baryons that change their dominant diquark upon
transitioning from the ground state to the first radial excitation are N(uud), T+ (uuc), E(sus), Q(ssc), Z(uus),
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Q(ccb), BY, (ubb), Q;, (sbb), and Q(cbb); however, the E/" (ucc), Qf.(scc), Ty+ (uub), and Q- (ssb) baryons

maintain the same behavior as the ground state.

—cc

s al a’ ay a3 dom.
N(uud) n=0 ~0.02 0.52 —0.37 ~0.63 0.44 {uu}d
n=1 -0.76 -0.11 0.14 0.50 —0.36 [ud]u

Z(uus) n=0 0 —-0.04 0.02 0.83 —-0.55 {uu}s
n=1 —0.85 —0.20 0.18 0.37 —0.22 [us|u

E(sus) n=0 0 0.01 -0.99 -0.02 0.06 {us}s
n=1 0.79 0.21 -0.18 —0.47 0.23 [us]s

E5 (uuc) n=0 -0.49 0.26 —0.09 —0.82 0.01 {uu}c
n=1 0.94 0.27 —0.09 0.12 0.03 [uclu

Q(ssc) n=20 0.57 -0.29 0.10 0.76 -0.02 {ss}c
n=1 0.92 0.29 —0.15 0.17 0.07 [sc]s

S5 (uce) n=0 0.8 0.05 ~0.36 0.1 0.30 [ucle
n=1 -0.93 —0.04 0.22 0.05 -0.25 [uc]c

Q/.(scc) n=0 —-0.88 0.07 -0.35 0.11 0.30 [sc]e
n=1 0.90 0.09 -0.31 0.11 0.25 [sc]e

2} (uub) n=0 0.5 —0.20 0.05 0.83 0.04 {uu}b
n=1 0.65 0.26 0.01 0.71 —0.02 {uu}b

Q; (s5b) n=0 0.12 ~0.10 0.04 ~0.98 ~0.07 {ss}b
n=1 0.68 0.22 0.01 0.69 —0.03 {ss}b

Q(ccb) n=0 -0.82 0.21 —0.008 —0.53 —0.003 [cD]e
n=1 0.61 0.38 0.19 0.65 0.08 {cc}b

EY, (ubb) n=20 —0.11 0.07 —0.04 0.99 0.06 {bb}u
n=1 0.98 0.008 ~0.12 0.005 0.13 [ub]b

Q;, (sbb) n=0 0.12 ~0.10 0.04 ~0.98 ~0.07 {(bb}s
n=1 —-0.96 —0.01 0.16 —0.07 —0.16 [sb]b

Q(cbb) n=0 ~0.77 0.05 ~0.30 0.49 0.28 [cb]b
n=1 0.59 0.07 -0.17 0.72 0.28 {cb}b

1.60 GeV [48]. For baryons with one heavy quark, the
spacing rule satisfies [46,47,49],

ms, + mq, = 2mz,, 0 =c.b. (23)

=0

We test this rule for the following baryons:

state of the first radial excitation of E)(usb), the mass
found by LHCb in Refs. [24,25] is 6.22 GeV, remarkably
close to the result derived from our model.

B. First radial excitation: Baryons with spin-3/2

Now we focus our attention on the heaviest baryons,
which include baryons containing three identical heavy

Mz ey T MO (s5¢) = 2Mz (usc)s (24)  quarks in their configuration.
We show our results for the first radial excitation of these
- 1 e — Y (25) states in Table VI, where, as in the case of spin-1/2
=y (uub) 2, (ssb) By (ush): baryons, we have analyzed our results by varying the

Using Egs. (24)-(25) and the results in Table II, we
find mg; (5 = 3.02 GeV  and M (ush) = 6.125 GeV.

Applying the identical calculation to the predictions
derived within the QRS framework yields mz+(,5) =

2.79 GeV and mxo = 6.055 GeV. For the proposed
=) (usb)

parameter gz. We found that, as in the previous case, the
mass increases when gp decreases and decreases when gp
increases. We also compared our results with known
experimental data [41], the QRS model [10], and the
ground states calculate by lattice in Refs. [50,51] and CI
in Refs. [30,39]. In Figs. 5 and 6, we have plotted the
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TABLE VI. Masses of baryons with spin-3/2. Masses from CI
in the ground state are taken from Refs. [30,39]. Our results for
the first radial excitation with CI are shown in the last column,
where we have included the results of varying the parameter
gp £0.5. Results denoted by QRS have been taken from
Ref. [10], lattice (Lat.) values are taken from [50,51], and the
experimentally results from Ref. [41].

Baryon Lat. CI  Exp. Exp. QRS CI
A(uun) 123 139 165 160 146  1.67:99
= (uus) 139 151 167 173 1627 201799
E*(sus) 153 1.63 1.82 1793 2247004
Q(sss) 1.67 1.76 1.96 2257004
S (uue) 252 271 2.80 2.807002
Q% (ssc) 2776 2.90 3.02 3.2675%%
Bl (uece) 357 3.6 3.97 4.301%%%
QlF(sce) 371 3.90 4.08 4547000
= (uub) 575 585 6.07  5.897904
Q*(ssb) 599  6.09 630 6417993
B9 (ubb)  10.04 10.09 1052 10.427591
Q,;(sbb) 1018 10.20 1064 10,6700
QL 4.80  4.93 515 559790
QL 8.01 8.03 8.42 8.647002
Qs 1120 1112 1170 11.66790)
e 1437 1423 1498 14.66290!

masses reported in Table VI to represent these values
visually, similar to the case of baryons with spin-1/2,
along with their percentage differences. It is readily apparent
that all radial excitations surpass their ground states.
Furthermore, in the heavy sector the largest discrepancy
is observed for Q1 (scc) at 16.4%, while the smallest is seen

2.5

i — n=0
~20F ... = N
=0 n=1 27.8% ]
O 40.5%
p 33.1% 1
Z 15 |
§ 4
2 _
E 1.0 -
=
% ,
R 05 -

A(uuu) ¥ (uus) Z (sus) Q (sss)

FIG. 5. Comparison between the masses of the ground states
and their first radial excitations for light baryons.

for =" (uub) at 0.67%. Of particular significance is the
outcome for Q%*, LHCb proposes a mass of 3.3 GeV for this
state in Refs. [26-28], while our CI model yields 3.26 GeV
presenting a small difference of approximately 1.21%.

In Table VII, we present the heaviest baryons with
spin-3/2, comprised of two and three b and ¢ quarks.
Additionally, we also display results for these baryons obtained
using alternative models, QRS [10], RQM [44,45], and Regge
phenomenology (RF) [22,52]. To conduct a visual analysis of
these baryons within Figs. 7 and 8, we delineate the triple
baryons composed of ccc and bbb. The left panel illustrates
the baryon ground states, while the right panel depicts their first
radial excitation. This graphical representation facilitates a
direct comparison with alternative approaches.

In Tables VI and VII, we emphasize that the results
obtained with CI in the ground state and the first excited
state are consistent with other models, such as lattice
and QRS.

§ 12 rriins n=
- — [
Z
8
1721
< I
E 6 0.67%
2 0 16.4% 5%
5 4F 14.3% 555
2 3%
m o o 12.4% ., % R
3.3% - R N R
P R AR A
= 555 s N
o A RS R
[ SO ] e KRR
S S AR A
R MR R R
A R o R
- A R R I
A SRR S RN
wa S AR A
- S AR A
R A R,
S Y AR
O, R0 N
£ E3
rH QY ZH of
C C cC cc

o,
4.8% s
g
Y
(o) !
32% 4.6% | s |
9. S5 R
N SN
R S R
N A N
" R R
NN K RN
N A R
33 S
N A R
K I A
9 2 R P
MY 5 3
7.6% s 33 A S
S R S P
S N S L
M S R S
2R 5 R N
2 MY 2 N
2 N S R
S R S 22
S R S AN
Ny N B Y
5% R R S
. A Y R e
5% M 2% M Sy
P X N R N
A 0% D A 5
5 A %! 2 B
A B S R b
A A RN 5 2 |
X S N R R
B Ny Y 5 oy |
MY MY R B Y
N Y N S N
R A SR A R
A M DR A R
P B 5 R N
A B A R v
A A RN 5 AN
A B D A R
M M N s 2o
R Y Y 3 N
N Y R S N
A A 7 A AR
P S N M N
A B D A R
S R 5 R N
A R A R ]
Y M 2 A R
P X o M b
A B B A s |
N R Y N R
MY MY R S R
R Y R B R
V- Q+ * =% ¥ 0*
o) Q Q
Q =
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FIG. 6. Baryons with spin-3/2: Comparison between the masses of their ground states and their first radial excitations. Within each
pair of bars, the percentage difference between the masses for states n = 0 and n = 1 is indicated.
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TABLE VII. Masses of triple heavy baryons with spin-3/2,
compared to the masses predicted by other models.

Baryon ~ CI QRS [10] RQM [4445] RF [22,52]
Qr 8.64 8.42 8.41 8.63
Qv 1166 11.70 11.70 11.79
QL 5.59 5.15 5.54 53

o 1466 14.98 15.12 15.16

We define a constituent-quark passive-mass in analogy
with the ground state of baryons [30,53], via

1
My = 3 M0y (26)

In Table VIII, we compare the computed values (in GeV)
from this relation with the input parameters we used for CI
in the ground and first radial excitation. This mass increases
when we transition from n = 0 to n = 1, just as expected.

L Lattice

TABLE VIII. Constituent-quark passive-mass derived from CI,
lattice, and the QRS model, corresponding to states n = 0 and
n=1.

c b
My 1.53 4.68
n=0 CI M}J 1.64 4.74
Lat. M’; 1.6 4.79
n=1 CI M’; 1.86 4.88
QRS M}J 1.71 4.99

The masses of baryons with spin-3/2 with a single heavy
quark obey an equal-spacing rule [46,47,49],
0=cb. (27)

ms, +mq, = 2mEQ,

TABLE IX. FAs for spin-3/2 baryons. According to our
analysis, the dominant diquarks are listed in the last column.
The baryons that change their dominant diquark upon transition-
ing from the ground state to the first radial excitation are
Qi (sce), " (uub), Q*(ssb) QL% however, the Z*(uus),
T (uus), Q¥ (ssc), B (uce), i (uuc), E¥(ubb),

Q;; (sbb), and Q% baryons maintain the same behavior as

Baryon masses ( in GeV)
N
T

++*
Q
cee

FIG. 7.

++%
QCCC

Comparison between the masses of the ground states

and their first radial excitations for Q.7*.

cce

20

i n=0 n=1 A
> 15| Lattice ’ CI ,
o | 1
g
:"3/ L 1
% 10 -
E L i
=1
% L ,
g I

beb beb
FIG. 8. Comparison between the masses of the ground states

and their first radial excitations for Q.

the ground state.

dlaa} dlaat Dom.

> (uus) n=20 0.25 0.96 {uu}s
n=1 -0.67 -0.73 {uu}s

E*(sus) n=20 0.42 0.90 {ss}u
n=1 —-0.68 -0.72 {ss}u

25 (uuce) n=0 —-0.67 —-0.74 {uu}c
n=1 —0.68 -0.72 {uu}c

QY (ssc) n=20 —-0.60 —-0.80 {ss}c
n=1 —-0.67 —-0.73 {ss}c

Ef* (ucc) n=0 —-0.12 —-0.99 {cc}tu
n=1 —-0.68 -0.73 {cc}tu

QfF(sce) n=0 —-0.17 —-0.99 {cc}s
n=1 -0.73 —-0.67 {es}e

= (uub) n=0 —-0.56 —-0.83 {uu}b
n=1 -0.79 —-0.60 {ub}u

Q;*(ssb) n=20 -0.42 —-0.90 {ss}b
n=1 ~0.73 ~0.67 {sb}s

=0: (ubb) n=0 0.03 0.99 {bb}u
n=1 ~0.34 0.9 {bb}u

Q7 (sbb) n=0 ~0.02 ~0.99 {bb}s
n=1 ~0.40 ~0.91 {bb}s

Qs n=0 ~035 ~0.93 {cc}b
n=1 —-0.92 —-0.38 {cb}c

Qv n=0  -016  —099 {bb}e
n=1 ~0.22 ~0.97 {bb}e
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This relation yields a mass of mg, = 3.03 GeV. For the
corresponding baryon containing a bottom quark, we
obtain mg, , = 6.19 GeV.

We now turn our attention to the spacing rules which

combine baryons with different spins [54],

Mg (uee) = Mg (wee) = Mt (uue) T Mt ey = 0 (28)
Moy (sec) = My (sec) ™ MW (sse) + Maf(sse) = 0o (29)
M= () ~ M (ubb) ~ Mt (uub) T M (uup) = 0. (30)

Using the results for the masses from Tables Il and VI for CI,
we obtain, 0.25 GeV, 0.15 GeV, and 0.08 GeV for Egs. (28)—
(30), respectively. For completeness and enhanced analysis
of the first radial excitations of baryons composed of heavy
quarks, we enumerate the FAs in Table IX while also
highlighting the dominant diquark in each baryon.

Analogously to the case of baryons with spin-1/2,
baryons with spin-3/2 change the dominant diquark in
four cases when transitioning from the ground state to the
excited state.

V. CONCLUSIONS

In this paper, we utilize the CI model to compute the mass
spectra of singly, doubly, and triply heavy baryons. The
approach includes a quark-diquark approximation to sim-
plify the complex three-body problem into two simpler two-
body problems. In this respect, we employed the excited
diquarks previously obtained with CI in Ref. [29] and
integrated them into the Faddeev equation described in
Sec. II, Fig. 1. In Tables II and VI, we present the masses
predicted by our model using the parameters described
throughout our article and in the Appendixes. These pre-
dictions are compared in Figs. 4 and 6 with the masses in the
ground estate. Additionally, in Tables V and IX, we have
included the FAs for all the baryons studied here.

The predictions obtained in this work with CI for
light baryons with spin 1/2 satisty the well-known
Gell-Mann-Okubo mass formula [46,47] in Eq. (22).
In the case of baryons with a singly heavy quark
(ES, Q0 %), Qp T, Q0 /% Q%) our results are
consistent with those detected by LHCb [23,24,27] and
satisfy the mass spacing rule [46,47,49] in Egs. (24), (25),
and (27). For baryons with spin-1/2 and double heavy
quarks, we compare results obtained using other models
in Table III. Results are very close and consistent with
existing theoretical predictions. Our results for baryons
with two heavy quarks with different spins also satisfy the
relations in the Egs. (28)—(30). Tables IV and VII compare
the results obtained here for triply heavy baryons with those
obtained using other approaches. Furthermore, in Figs. 7
and 8, we plot the masses of baryons composed of three
quarks b and ¢, comparing them with other models and
their ground states. In conclusion, we computed the masses

of radial excitations for twenty states composed of heavy
quarks and provided the corresponding FAs for each state.
This lays the groundwork for subsequent calculations of
form factors, charge radii, decay constants, and other
observables for baryons. Also, this study will undoubtedly
assist future experimental investigations in identifying
baryonic states through resonances.
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APPENDIX A: EUCLIDEAN CONVENTIONS

In our Euclidean formulation

4
P-a=>_rid (A1)
i=1
where
i
{}/ﬂ, 71/} = 25/41/’ }/; =VYu Oy = 5 [}/ﬂ’ 7v]’
tr[?5yﬂybypy0'} = _46;41//10’ €1234 = 1. (Az)
A positive energy spinor satisfies,
(P, s)(iy - P+ M) =0= (iy- P+ M)u(P,s), (A3)
where s = = is the spin label. It is normalized as
u(P,s)u(P,s) =2M, (A4)

and may be expressed explicitly as
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Xs
u(P,s) = M—iE( 5P ), (AS)
M=icXs
with & = iV P* + M?,
(o) (1) o
X+ = 0) X-= 1)

For the free-particle spinor, it(P, s) = u(P, s)"y4. It can be
used to construct a positive energy projection operator,

A, (P) :=ﬁ2u(P,s)ﬁ(P,s) :ﬁ(—iY'P‘l'M)- (A7)

A negative energy spinor satisfies

o(P,s)(iy-P—M)=0=(iy-P—-M)v(P,s), (A8)
and possesses properties and satisfies constraints obtained
through obvious analogy with u(P,s). A charge-conju-
gated BSA is obtained via

[(k; P)

= C'T(=k; P)TC (A9)

where ‘T’ denotes transposing all matrix indices and

C = y,y4 is the charge conjugation matrix, C" = —C.
Moreover, we note that
CyiC ==y, [C.ys] = 0. (A10)

We employ a Rarita-Schwinger spinor to represent a
covariant spin-3/2 field. The positive energy spinor is
defined by the following equations:

(iy - P+ M)u,(P;r) = 0,y,u,(P;r) = 0,P,u,(P;r) =0,

(A11)
where r = -3/2,-1/2,1/2,3/2. 1t is normalized as

i, (P;r)u,(P;r) =2M, (A12)

and satisfies a completeness relation

L

S O WP (P = AR, (A1)

r=-3/2
where
1 2., 1

Ry =8l =31+ 3PP Ao =iz [Py, =Puy, ], (A14)

with P2 = —1. It is very useful in simplifying the FE for a
positive energy decouplet state.

APPENDIX B: CONTACT INTERACTION:
FEATURES

The gap equation for fermions requires modeling the
gluon propagator and the quark-gluon vertex. Here we

shall recall and list these key characteristics of the CI
[35,40,55,56]:
(1) The gluon propagator is defined to be independent
of any varying momentum scale,

47[(X]R5 o 1 5 (Bl)

u = 3 G
mg

Dy, (k) =

mg

where m, = 500 MeV is a gluon mass scale gener-
ated dynarnlcally in QCD [57-60], and ag can be
interpreted as the interaction strength in the infrared
[61-63];

(i) At leading order, the quark-gluon vertex is

L(p.q) = 1.5 (B2)

(iii) With this kernel the dressed-quark propagator for a
quark of flavor f becomes

167[(ZIR d4q
iy pt+mp+——5 | =g VuSH( Q7
f %; (27:)4 uof Iz

S (p) = 3,
(B3)

where my is the current-quark mass. The integral
possesses quadratic and logarithmic divergences and
we regularize them in a Poincaré covariant manner.
The solution of this equation is
—1 o

S (p) =iy p+ My, (B4)
where M, is, in general a mass function running
with a momentum scale, but within the CI it is a

constant dressed mass;
(iv) M, is determined by

4aIR

where
CY(o) /o = @i“(a) = F(—I,GTIZJV) —T(-1, GTIZR),
(B6)

TABLE X. Dimensionless coupling constant & = &IRA%V,
where apRr = ar/ mg, for the CI, extracted from a best-fit to
data, as explained in Ref. [65]. Fixed parameters are m, =
0.50 GeV and A = 0.24 GeV.

Quarks or[GeV 2] Apy [GeV]
u,d,s 1.14 0.91
c,d,s 0.38 1.32
c 0.09 2.31
b, u,s 0.07 2.52
b, ¢ 0.02 4.13
b 0.007 6.56
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TABLE XI. Computed dressed-quark masses (in GeV), re-
quired as input for the BS equation and FE.

m, = 0.007 mg = 0.17 m. = 1.08 my, = 3.92
M, =0.36 M, =053 M, =152 M, = 4.68

with T'(a, y) being the incomplete gamma function
and 7ig yy are respectively, infrared and ultraviolet
regulators. A nonzero value for 7jg = 1/A imple-
ments confinement [64]. Since the CI is a non-
renormalizable theory, 7yy = 1/Ayy becomes part
of the model and therefore sets the scale for all
dimensional quantities.

In this work we report results using the parameter set
in Table X. Table XI presents the values of u, s, ¢, and b
dressed quark masses computed from Eq. (B5). The
simplicity of the CI allows one to readily compute hadronic
observables, such as masses, decay constants, charge radii,
and form factors.

APPENDIX C: MASSES OF MESONS AND
DIQUARKS CONTAINING ¢ AND » QUARKS

The bound-state problem for hadrons characterized by
two valence-fermions may be studied using the homo-
geneous BS equation in Fig. 9.

The corresponding equation is [66]

PP = [ s lrla: P Kia ke P)

(C1)

where T is the bound-state’s BSA, y(q; P) = S(q + P) x
I'S(g) is the BS wave function, r, s, ¢, u represent color,
|

M = t‘th[QQI]t[‘/QI]Tt‘I{F([);q]](l

12 _ 4qT T 1+
M2 = T flad} flaa] tql{r{qq}‘ﬂ

qCIl)

Miz _ th[{qql}t[qqﬂ’r[q{r%;ql}’”
M;4 _ tht{qq}[[fI‘h]T[qlF%qq},ﬂ(qu)sgr

M5 = tht{qql}t[qqn]Tﬂ{ngl }#(qul )

Mil = tqth[qql]t{qq}th{{l“O+

Mg = et aat oy (148G
Mﬁﬁ _ tqlT[{lM} [{qq}T[ql {F{qrq},p

MIZE — tqth{qlh}t{fILI}th{r‘gql}‘p(qul )

M = 14T flaai] flaan }th{r?qm] (Ugq))

S'T
(I,4)SIT

is .
A Y
® - @ X
AN X -
is

FIG. 9. This diagram represents the BS equation. Blue (solid)
circles represent dressed propagators S, red (solid) circle is the
meson BSA T" and the blue (solid) rectangle is the dressed-quark-
antiquark scattering kernel K.

flavor, and spinor indices, and K is the relevant fermion-
fermion scattering kernel. This equation possesses solu-
tions on that discrete set of P?-values for which bound-
states exist.

A general decomposition of the bound-state’s BSA for
scalar and axial-vector diquarks composed of quarks ¢ and
g, in the CI model has the form,

FO

e vsy - PF

= iy5Eq,),. T My laq1]g+ >

1
1+ _ T
F{QQI},M =V E{qql}1+ + 2MR gﬂUPUF{qfh}ﬁ ’ (CZ)
where M = MM, /[M,+ M, ] and M, and M, are the
quark masses. The amplitudes in Eq. (C2) are crucial for

determining the masses listed in Table I.

APPENDIX D: KERNEL IN FE

In this section, we provide the explicit expressions for
the elements of the matrix in the Eq. (4),

o) (“Faar) S ()85 (Lo}
([);ql](_qul )Sq, Uy, )Ai;q}vuvaqq)}’
(lqth )Sg] F([);q]] (_qul )Sq(lq)qul},pu(qul )}’
) (Kaa)S0, (U0 Ay (Laa) )
So g (“Kag)Sq (1) ALy 1 Lag )}
lgq1] (qul )Sqngq},u<_qu)Sq<lq)A([);q,] (qul )}’
F*l{;q},u(_qu)sql (U, )Ai;q}.pu(qu)}’
(qul)S;l:gq},u(_qu)sq(lq)qul}.pv(qul )}
(l4q)Sa, ng}w(_kw)sql (U, )Ag,q},/w(qu)},
nggq},u(_qu)sq(lq)qul},vaqql )}

Squ f“l{;ql}vﬂ (=Kgq, )Sq(l‘/)A?;m] (lgq, )}

+ =1+ +
M% = 1l laad (4T g {F‘%q‘J}’P(qu)Sgr‘%q‘h}vﬂ(_qul )S‘h (lq] )A({)qq},pvaqq)}’

M33 = T laant tlaa }th{rgql },p(lt/ql )

T+
Sqr{‘ﬂﬁ}-ﬂ

(_kqm )Sq(lq)A({);q]},,w(lqm )}’
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M3 = Ty {qq};{fM}Tﬂl{F1+ }p(qu)Sgl"gql}”( kqq)Sq, (1 1)A({);q}/)v<l¢ﬂ]>}’
{aa }p(qun)sgraq }/4( kqq,)Sq(lq )A({);q }ﬂv(l‘f‘h)}’
M = g t[qql]t{qq}Tﬂ{{F[qq (qql)Squ"gq}ﬂ( kqq)Sq(1, )A?Jq,](qul)}’
M2 = [{qq}[{qq}Tﬂl{F{ }p(qu) {qq}y( kqq)Sq, (1, )Ai;q}pu(qu)}
M = @Tanb e Tafrl (1 )STEL L (<kg)SgU)AL (g}

M35 = [th{qql}[{qql}th{F

7" {qq}.p
M = g ,{qq}t{qq}Tﬂl{F“ }p(qu)Sgll“}L;q}M( qq)Sql(lql)qu} wllag)}s
M = T {qql}t{qq}Tﬂ{F{ q}p(qul)Sgrgq}”( 00)Sq(Uq )qu}pyafﬂh)}’
M = tht[qql];{qql}T[q{r (qql)SglF};q 1 (Kag)Sq(lg )Aogql](qul)}’
M — T laa) o T a1 q}p(zqq>sgr;;q},,< Kaq)S4, (L )AT gy 0 (Lag) -

M ﬁTt{qq]}t{qql}th{F{ 99, }/'(l‘l‘il)Sgriqq }ﬂ( qul)S (l )A({)qql}ﬂv(l‘iql)}’

+ +
Mg _tht{qq}t{qq}thl{F{ q}ﬂ(l‘lq)sgriqq}ﬂ( k40084, Uy )A({)qq}pv<l )}

Mgy = 1" aad el Te{Tr (Lo )SET g w(“Kag ) Sa () A 1 1 (lag, )} (D1)

AY(K) and Aj,

(a0, }/w(K ), are standard propagators for scalar and vector diquarks.

1

AL (K) =
l9q1] K2+ mqql

1 K,K
1+ uu
A{Q%}.W(K) KZ +m qq1 <5ﬂl/ + m(2]q1 ) (D3)

With these expressions, the calculation of the baryonic masses with spin-1/2 in Sec. II is straightforward.

APPENDIX E: FLAVOR DIQUARKS

We define the following set of flavor column matrices,

=

=,
I
o o - o o

€=

S = O O O O O o o =~

- o O O O O o o = O

and

T aray 41937 pa 14T Haa} {an 3T 41
t =
T Ha1a} faa}T pa 1T faa} a3 441

The flavor matrices for the diquarks are
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