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INTRODUCTION

Hadron spectroscopy is an effective approach to deepen our understanding of the
non-perturbative behavior of the strong interaction, a challenging task in contemporary particle
physics.

@ In 2017, the observation of the double-charm baryon Z*7(3621) by the LHCb

Collaboration [1] raised expectations for new progress in the search for triply charmed
baryons.
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@ Nevertheless, these investigations based on quark model remain incomplete:
> For example, the interaction potentials used in Refs. [4, 15] include only central terms, making
them unable to describe the fine structure of triply heavy baryons.
> Furthermore, the calculation in Ref. [16] neglected spin S = 1/2 and S = 3/2 state mixing.
> Additionally, Ref. [17] employs a quark-diquark model, whereas Ref. [12] uses the
hyperspherical approximation. Finally, Ref. [19] utilized only a single incomplete set of Jacobi
coordinates and omitted decay studies.
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MODEL AND METHOD  [ESEWMITIWERY

Hamiltonian

The Hamiltonian of triply heavy baryons Qcccs Qpees Lpbe, Lppp 1S derived from the
nonrelativistic limit of the formalism presented in Refs. [56, 57].
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MODEL Hamiltonian

The parameters of the model include:

@ «; (one-gluon-exchange coupling constant),
@ b (linear confinement strength),

@ C (renormalized mass constant),

@ o (smearing parameter),

@ m, (charm quark mass),

@ my, (bottom quark mass).

Table: The parameters involved in the adopted potential model.

Quarkonium as b(GeV?)  C(GeV) o (GeV)

cé 0.470 0.165 —0.409 1.220
chb 0.362 0.189 -0.555 1.586
bb 0.333 0.203 -0.603 1.908

me = 1.649GeV  myp, = 5.036 GeV

Hao Zhou (Lanzhou University)

States MEP- (MeV) [80]  MTe (MeV)  ME™ (MeV) [80]
7.(15)  2984.1 2988.9 0.4
7.(25) 36377 3642.7 0.9
JIw(1S) 3096900 3096.9 0.006
JIw(2S)  3686.097 3686.1 0.011
he(1P)  3525.37 3514.4 0.14
Xeo(1P) 341471 3439.4 0.30
xe1(1P)  3510.67 3509.9 0.05
xea(1P)  3556.17 3556.1 0.07
X2 /n=1686.4
np(18) 93987 9405.1 2.0
Y(1S)  9460.40 9460.6 0.10
Y(25) 100234 10006.6 0.5
hp(1P)  9899.3 9886.3 0.8
hp(2P) 102598 10251.9 12
xoo(1P)  9859.44 9838.0 +0.42 +0.31
xo0(2P) 102325 102114 £0.4+0.5
xo1(1P)  9892.78 9883.7 £0.26 + 0.31
Xxp1(2P)  10255.46 102523 +0.22 +0.50
xp2(1P)  9912.21 9907.1 +0.26 + 0.31
Xxp1(2P)  10268.65 10272.5 +0.22 +0.50
X2 /n=453.1
B.(1S) 627447 6274.5 0.32
B.(25) 68712 6871.2 1.0
X2 /n = 0.0407

Triply heavy baryon spectroscopy revisited
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MODEL AND METHOD  [ERYEESTIEs]

Wave function

For the angular momentum components, we naturally select operators corresponding to L-S
coupling. The operator set is
{12, L3, L%, 57,53, 53,87, 8%, 0%, ).}, (7
where I and L. represent the orbital angular momenta associated with the c-th Jacobi
coordinates r. and R, respectively, while S|, S», and S3 denote the spins of the constituent
quarks my, my, and m3, as illustrated in the figure below.

ms3 ms3

R, R3

m mp mj my mjp  rz mp
c=1 c=2 c=3

Figure: Three Jacobian coordinates of three-body system.

The composite angular momenta are defined as:
o L =1, + L. (total orbital angular momentum),
@ §;; =8;+8; (pair spin in r.-degree-of-freedom),
e S =38+ + 83 (total spin),
o J =L + S (total angular momentum).
Triply heavy baryon spectroscopy revisited March 30,2026 8/23



@)D SIBWNNIDRY NN (O M  Gaussian Expansion Method

Gaussian Expansion Method

The system described by Hamiltonian H satisfies the stationary Schrodinger equation
HY =EY. ®)

We expand the total wave function in terms of a complete set of Lz—integrable basis functions
@, where @ denotes the set of quantum numbers labeling each basis state:

Y= Z Co®qy. ©)

Applying the Rayleigh-Ritz variational principle yields a generalized matrix eigenvalue problem:
HC = NCE, (10)
where the Hamiltonian and overlap matrix elements are respectively given by

Hyqo = <¢0'|H|(Da>, (11)
Noa = <q>a'|q>a>- (12)

Hao Zhou (Lanzhou University) Triply heavy baryon spectroscopy revisited March 30, 2026 9/23



@)D SIBWNNIDRY NN (O M  Gaussian Expansion Method

For Q¢ and Q5 systems, accounting for the symmetry of three identical quarks, we
construct the basis functions as:

a =] 165065 L RDIL, 1 [s2530sw)s |,

+ [165r2)65% L (RO, 52 s3s11s3 s (13

+ 105 (r)eS LRI, 5311201 -
For Qp. and Qpp systems, with two identical quarks positioned at m, and m3 in Fig. 1, we
use the symmetric basis:

o = [[65,(r1)8S L (RD1, 5152531115 (14)

M’

where @ = {l, L, Ly, s;;,S,n, N}. The quantum numbers used for each J P state are listed in
Table 2. Here we simplify notation by abbreviating /. and L. to / and L (due to identical
particle symmetry) and denote the total orbital angular momentum as L; to avoid confusion.

Hao Zhou (Lanzhou University) Triply heavy baryon spectroscopy revisited March 30, 2026 10/23



@)D SIBWNNIDRY NN (O M  Gaussian Expansion Method

Table: LS coupling three-body angular-momentum space of triply heavy baryons. The units of rmin, Fmax.
Rmin and Ryax are fm.

Jr l L L, Sij S Mmax Tmin Fmax Nmax Ruin Riax
0 0 0 1 3 10 0.1 50 10 0.1 5.0

1 1 0 0 3 10 0.1 5.0 10 0.1 5.0

. 0 2 2 1 3 10 0.1 50 10 0.1 5.0
% 2 0 2 1 3 10 0.1 5.0 10 0.1 5.0
1 1 1 0 3 10 0.1 5.0 10 0.1 5.0

2 2 1 1 3 10 0.1 5.0 10 0.1 5.0

2 2 1 1 3 10 0.1 5.0 10 0.1 5.0

0 0 0 1 3 10 0.1 50 10 0.1 5.0

2 2 0 1 3 10 0.1 5.0 10 0.1 5.0

0 2 2 1 3 10 0.1 50 10 0.1 5.0

2 0 2 1 3 10 0.1 5.0 10 0.1 5.0

3+ 2 0 2 1 3 10 0.1 50 10 0.1 5.0
2 1 1 2 0 3 10 0.1 50 10 0.1 5.0
0 2 2 1 3 10 0.1 5.0 10 0.1 5.0

1 1 1 0 3 10 0.1 5.0 10 0.1 5.0

2 2 1 1 3 10 0.1 5.0 10 0.1 5.0

2 2 1 1 3 10 0.1 5.0 10 0.1 5.0

2 2 3 1 3 10 0.1 5.0 10 0.1 5.0

Hao Zhou (Lanzhou University)
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Radiative decay

The quark-photon electromagnetic interaction at tree level is described by

L= — Z el iyh AR (kT ;. (15)
J
In the nonrelativistic limit, this interaction simplifies to

-ikr;, (16)

hg~2[ejrj €- f % (exh)|e

The corresponding helicity amplitude for the electromagnetic transition is given by

—if L (Flheli. (17)

The radiative decay width is then obtained from the helicity amplitude through

_ kP2 18
x 2 +1 M J,Z Ayl (18)

where J; is the total angular momentum of the initial baryon, and J;; and J ¢ , are the
z-components of the angular momenta for the initial and final states, respectively.

Hao Zhou (Lanzhou University) Triply heavy baryon spectroscopy revisited March 30, 2026 12/23
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RESULTS AND DISCUSSIONS  [EBYESSSIUCIeY

The Q... and Q55 baryons
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Mass spectra

Qcec Qbbb

JP (L,,S)] 5354 5370 5701 5719 5784 5851 5885 601114882 14898 15170 15190 15257 15324 15349 15424
(0, %) 97.34 259 98.11 1.80 9943 0.55 0.03 98.55| 99.83 0.17 99.90 0.09 99.99 0.0l 0.01 99.92

1 (2, %) 2,66 97.38 1.86 98.09 0.14 3.58 9635 1.38| 0.17 99.83 0.10 99.90 0.01 0.08 9991 0.07
2 (l,%) 0.00 0.02 0.04 0.10 043 9587 3.61 006 000 000 0.00 001 001 9991 0.08 0.00
(1, %) 0.00 0.01 000 000 0.00 0.00 001 000 000 000 000 000 000 000 0.00 0.00

JP (L, S)[ 4793 5269 5372 5409 5650 5722 5740 5796]14365 14792 14901 14937 15117 15192 15209 15266
99.78 99.79 0.06 0.03 99.71 0.11 0.05 0.02| 99.98 99.98 0.00 0.00 99.98 001 0.00 0.00

0.12 0.13 9741 248 0.19 9644 3.17 031 001 001 9993 006 001 9994 0.04 0.01

0.09 2.51 9747 0.08 339 96.71 99.31| 0.01 0.01 006 9994 001 0.04 99.96 99.98

0.00 001 0.00 0.02 004 005 035 000 0.00 000 000 000 000 000 001

0.00 0.01 0.00 0.00 001 001 001 000 000 000 000 000 000 000 000

0.00 0.01 0.0 0.00 001 001 00| 000 000 000 000 000 000 0.00 0.00

5374 5725 5747 5801 5852 5883 588714903 14937 15194 15211 15267 15327 15351 15354

90.14 87.88 11.53 0.54 0.90 48.87 50.24| 99.66 0.33 99.53 043 0.03 0.05 99.87 0.08

9.83 12.09 88.45 99.42 98.99 0.78 0.25| 0.34 99.67 046 99.56 99.97 99.95 0.05 0.00

0.00 0.00 0.00 0.00 0.00 000 0.00| 000 0.00 000 000 000 000 000 0.00

0.01 0.01 0.01 001 000 000 001| 000 000 000 000 000 000 000 000

0.02 0.02 0.0 0.02 0.10 50.35 49.50| 0.00 0.00 0.00 0.00 0.00 0.00 0.08 99.91

5378 5 5879 5891 6041 6131 6186 620014905 15196 15352 15356 15448 15538 15600 15608

99.99 59.87 40.14 99.93 99.83 9.28 85.18| 100.0 100.0 95.09 491 100.0 100.0 0.67 99.28

0.01 0.00 0.01 0.00 001 047 0.50| 000 0.00 000 000 000 000 003 001

0.01 40.13 59.85 0.06 0.16 90.25 1432 0.00 0.00 491 9509 0.00 0.00 99.29 0.71

5121 5552 5644 5854 5872 5958 5983 | 14687 15021 15041 15143 15299 15304 15398 15422

99.93 0.30 99.87 98.93 1.10 99.93 99.78| 99.99 99.94 0.06 99.99 99.03 0.97 99.99 99.99

0.04 99.67 0.12 1.05 98.86 0.05 0.16] 000 0.06 9993 001 097 99.02 0.00 0.01

0.02 0.03 0.01 002 003 002 006] 000 000 000 000 000 000 000 001

5136 5527 5548 5629 5640 5683 5862 5868|14692 15025 15041 15123 15143 15180 15302 15304

99.90 99.00 1.21 5.11 93.61 098 87.24 12.79| 99.99 99.92 0.08 0.05 99.92 0.02 9691 3.09

0.00 0.87 98.67 0.01 0.34 0.05 12.58 87.09| 0.00 0.07 99.90 0.00 001 0.01 3.08 96.90

0.08 0.08 002 93.12 558 127 009 002 001 001 0.00 9990 005 004 001 0.00

0.00 0.03 0.07 176 046 97.69 0.07 0.07| 000 000 0.01 004 002 9992 000 0.01

0.02 0.01 003 000 001 0.01 002 003] 000 000 000 000 000 000 000 000

5547 5592 5632 5674 5868 5910 5930 599715042 15093 15124 15180 15305 15352 15364 15436

99.80 001 0.05 0.05 99.77 001 0.09 0.04| 99.99 000 000 0.00 99.98 0.0 0.00 0.00

0.06 99.27 051 023 0.06 98.09 232 49.69| 0.01 9999 0.00 001 0.00 9996 0.07 9530

0.07 040 97.69 184 0.10 1.67 97.34 20.95| 0.01 0.00 99.94 005 001 0.03 99.92 4.50

0.06 032 1.74 97.87 0.06 022 024 2929| 0.00 0.01 005 9993 0.00 001 001 020

0.01 0.01 000 001 001 0.01 002 004/ 000 000 0.00 000 000 000 000 0.00

Hao Zhou (Lanzhou University)

Triply heavy baryon spectroscopy revisited

Most states are dominated by
single total orbital angular
momentum excitations.

March 30, 2026 15/23



RESULTS AND DISCUSSIONS  [EBYESSSIUCIeY

The Qpcc and Qpp baryons
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Mass spectra

TABLE V. The mass spectra of the Q. and Q. baryons and the proportion of (I, L, L,, S) in each state.

Qpec Qppe
JP (ILL,L,,S)] 8017 8463 8546 8564 8605 8657 8667 8825[11204 11621 11702 11746 11774 11832 11837 11948
(0,0,0, 1) [99.91 99.91 0.01 020 9932 0.18 029 99.88[ 99.98 99.95 0.07 99.16 078 004 001 99.83

(1,1,0,5) | 0.01 001 038 9940 020 001 000 001| 001 003 003 074 99.11 006 0.07 0.06

4 (0,2,2,5) | 000 0.00 9856 037 000 007 141 000 000 000 027 000 007 2676 7299 0.00
1 (2,0,2,3) | 007 006 1.00 002 035 051 97.76 0.06| 001 0.02 99.57 007 002 004 021 0.09
2 (1,1,1,5) | 001 002 003 001 0129922 053 005 0.00 000 005 002 002 73.09 26.72 0.01
(2,2,1,5) | 000 0.00 0.02 0.00 000 000 000 000 0.00 000 000 000 000 000 000 0.00
(2,2,1,5) | 0.00 0.00 0.00 0.01 0.0 0.00 0.00 000] 0.00 0.00 000 000 000 000 0.00 0.00

JP (I,L,L,.S)| 8030 8469 8545 8549 8603 8622 8660 8670|11221 11627 11700 11708 11752 11813 11827 11837

(0,0,0,5) {99.70 99.38 0.05 0.02 9835 0.08 0.18 0.08(99.89 99.28 0.07 001 99.76 0.06 0.00 0.04
(2,2,0,5) | 020 053 0.00 001 119 000 000 000| 009 069 000 000 007 000 000 0.00
(0,2,2,3) | 0.01 0.00 53.37 4420 0.08 095 0.06 067 001 001 007 039 000 036 21.69 9.58
(2,0,2,3) | 0.04 004 067 066 003 007 831 39.60 0.01 001 3286 66.58 006 003 0.15 0.01
3+ (0,2,2,5) | 0.00 0.00 43.57 53.77 0.00 0.60 0.05 145 0.00 0.00 044 044 000 021 77.54 274
= (1,L,2,3) | 000 000 150 000 006 9829 001 010 000 000 012 000 005 99.13 001 002
2 (2,0,2,5) | 003 003 079 1.18 0.15 000 2.13 57.54| 0.00 0.01 6643 3257 002 008 061 001
(1,1,1,5) | 001 002 001 015 012 0.00 89.25 055 0.00 0.00 001 000 002 013 000 87.59
(2,2,1,3) | 000 0.00 001 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00
(2,2,1,5) | 000 0.00 001 001 002 000 001 00I| 000 000 000 000 001 000 000 001
(2,2,3,5) | 000 000 0.02 000 000 000 000 000| 000 000 000 000 000 000 000 0.00

JP (I,L,L,,S)| 8548 8550 8625 8668 8679 8862 8863 8957|11699 11712 11812 11830 11846 11986 11996 12091

(0,2,2,5) 1823 78.37 1.68 0.57 1.85 28.19 70.13 1.12| 0.03 070 0.69 54.28 4448 0.06 074 0.03
(2,0,2,3) | 034 152 020 1941 77.78 024 059 0441323 86.04 001 040 0.3 13.60 85.60 0.00
(2,0,2,5) | 202 048 037 77.22 19.02 082 032 047|86.16 13.05 008 032 0.18 85.67 1346 0.03
(1,1,2,5) | 1.65 0.55 96.86 0.15 0.79 096 0.20 97.25| 0.04 0.01 98.73 122 000 0.03 0.01 99.88
5% (0,2,2,35) [77.74 19.06 0.88 2.64 0.56 69.75 28.71 0.69| 0.54 021 049 4377 5521 0.64 0.19 003
2 (2.,2,1,3) | 000 000 000 000 001 001 001 000 000 000 000 000 000 000 000 0.00
(2,2,3,5) | 0.0 0.00 000 000 000 001 000 00I| 000 000 000 000 000 000 000 0.00
(1,3,3,5) | 000 001 0.00 000 000 002 004 000| 000 000 000 000 000 000 000 0.00
(2,2,3,5) | 000 001 000 000 000 000 001 001| 000 000 000 000 000 000 000 0.00
(3,1,3,3) | 0.00 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 002
JP (I,L,L,,S)| 8552 8676 8866 8985 9029 9033 9080 908711715 11833 11998 12160 12174 12189 12198 12236

(0,2,2,
(2,0,2,

9770 3.16 98.78 73.97 2235 445 0.02 0.03| 097 9925 097 9720 0.05 2572 76.22 0.00
2.28 96.84 1.15 2552 68.46 522 1.05 0.99)99.03 074 99.03 280 0.65 73.50 23.67 0.04

2 (1,33,

0.0 0.00 006 049 896 8747 0.02 2.62| 0.00 000 000 000 019 000 0.00 0.10
0.00 0.00 0.00 000 007 047 6846 30.35| 0.00 0.00 0.00 000 001 002 001 3998
0.00

)
)
7% (2,2,3,3) | 0.00 0.00 001 000 004 182 3045 64.35| 0.00 000 000 000 004 011 003 59.84
)
)

0.00 0.00 000 0.1 058 0.00 1.66| 000 000 000 000 99.05 065 006 0.04
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RENUNRFWDENNESS (ONSI  Radiative decay

The Q... baryons

Through our calculations and comparison with previous studies, we have identified two
fundamental patterns governing radiative decays in our model:
@ Three identical quarks: Radiative transitions between states with conserved parity
(P; = Py) and total spin (S; = Sy ) typically exhibit larger partial widths.
© Two identical quarks: The dominant transitions occur between states with conserved total
spin (S; = Sy ) but flipped parity (P; = —P ), yielding larger partial widths.

TABLE VIII. Radiative decay widths (in keV) for Q... baryons with masses below the EL*:DO threshold. Residual radiative decay widths for
Q.. baryons not tabulated are all below 0.005 keV.

Qccc(4793) 3/2%y Qece(5121) 1/27y Qe (5136) 3/27y Qccc(5269) 3/2%y
(L, S) Initial state Our Ref.[26] Our  Ref.[26] Our Ref.[26] [Q...(5370) 1/2% 0.15
(0,1) Qece(3354) 127 499 - 018 2014 050 2743 |q,..(5372)3/2 0.18
(0,3) Qeee(5269)3/2* 068 - 002 0002 003 0010 g (5374)5/2 0.18
(2.1 Qeec A I/2T 996 - 043 10688 I35 3158 g (5378)7/2¢ 024
e T 0T o 00— Qe (5409 372 002
- - <l
: : - i i Qe (5409) 5/2¢ 0.09
s Qeo(5372)3/2* 16260 - 058 038 002 002
22 Q. (5374527 13283 - 036 022 022 039 |@ece(34093/2% = Qeee(5354) 1727y 0.01
Quec(5378)7/2* 13847 - 000  <0.001 039 080 |@ecec(5409)5/2% — Qcee(5354) 1/2*y 001
L GGR I 2 30 - - - . Qecc(5409) 5/2% = Qe (5372) 3/2%y 001
(L3) o (5136)3/2 305 407 000 : : - Qecc (5409) 5/2% = Qe (5378) 7/2%y 0.01

It can be observed that our partial calculations differ significantly from those in Ref. [26]. We
attribute this discrepancy to two main factors: (1) Ref. [26] does not account for the symmetry
of three identical particles; (2) the potential models employed differ between the studies.
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The Qppp baryons

Radiative decay

TABLE IX. The radiative decay widths for ©;;, baryons with masses below 15.25 GeV (in keV). Residual radiative decay widths for Q)
baryons not tabulated are all below 0.005 keV.

Qupp(14365) 3/2%y

Qupy (14687) 1/27y

Qupp (14792) 3/2%y

(L,,S)  Initial state  Our___Ref. [26] | Q4 (15170) 1/2% 0.02 Qi (14898) 1/2* 0.01
(0, 1) Qw0 (14882 1727001 - Q5 (15209) 3/2% 0.03 Qi (14901) 3/2 0.01
2 (15170) 1/27 001 - Qupp (15211) 5/2* 0.02 Q1 (14903) 5/2° 0.01
3”"5}33;;; zf; 33; - Quip(15180) 3/2° 0.88 Qo (14905) 7/2* 0.01
1y Qbbb 5 .03 - ~
@) G 15209 372 001 i Qu(15143) 3/27 0.68 Qi (15190) 1/2* 249
Qppp(15211) 5/2% 0.03 - Qppp(15025) 3/27 0.42 Qppp(15192) 3/2*+ 244
Q1 (14898) 1727 4.63 - Qppp, (15180) 5/27 033 Qppp(15194) 5/2+ 235
Qi (14901) 3/2% 4.56 - Qi (15093) 5/2° 3.69 Qi (15196) 7/2* 227
Qo (14903) 5/27 445 - Qi (14692) 3/2 | Qup(15211) 5/2* 0.01
(2,3 Doeo(149097/27 4.37 - Our  Ref. 1261 | Qe (15021) 1/27 001
) 2’”’{:2:22; Lf, o j Qo (15170) 172 0.02 - Qup(15025) 3/27 0.01
Quon(15194) 5/2° 284 . Qupp(14937)3/2° 001 275 |Qupp(15123)3/27 002
Q4 (15196) 7/2* 2.87 . Qi (15209) 3/2* 0.03 Qi (15124) 5/2- 0.02
Qi (14687) 1727 002 0035 | Quws(15211) 5/2* 0.09 - Q0 (14882) 127y
(1) Qoop(14692)3/2 003 0038 | Qup(15143) 12 143 - Qi (15143) 1/2° 0.01
"2 Qo (15021) 1727 0.03 - Qui(15021) 1727 0.76 - Quip (15209) 3/2* 1.02
Qupp (15025) 3/27 0.03 - Qppp (15180) 3/27 0.98 - Qppp(15211) 5/2* 1.02
o o o i Qi (15143) 3/27 0.64 - Q0 (14898) 1/2%
) e ) 33 o2 ’ Q1 (15025) 3/27 0.40 - Qup(15117) 3/2* 0.05
Qi (15042) 5/27 0.12 - b (15025) 3/27 0. o (15117) 3/ X
3y Qupp(15123) 3/27 036 . Qppi(15180) 5/27 1.37 - Qppy(15192) 3/2* 0.20
(-3 0,,,(15124) 5/27 035 - Qppp(15093) 5/27 1.00 - Qupp (15194) 5/2+ 0.06
Qupp (14901) 3/27y Qi (14903) 5/2%y Q0 (14905) 7/2%y
Qupy(14901) 3/27y . Qupy(14905) 7/2y
Qi (15117) 3/2% 0.10 gmb:ggg; ?;; 8:; Qo (15117) 3/2° 020
Qi (15190) 1/2* 041 91’1’2(15192) 32 032 Qi (15192) 3/2* 0.07
Qppp (15194) 5/2% 0.20 Qi (15194) 5/2* 0.06 Qui(15194) 5/2* 0.27
Qop(15196) 7/27 0.03 Qi (15196) 7/2* 0.19 Qus(15196) 7/2* 037
Qupp (14937) 3/27y Qupp(14937) 5/27y Qo (15117) 3/2y
Qi (15170) 172 0.22 Qi (15170) 1/2* 0.34 Qo518 52 o0l
@ (15209) 3/2* 027 Qi (15209) 3/2° 012 s (15194) 5/2° Y
Qppp(15211) 5/2* 0.08 Qi (15211) 5/2 0.32 Qppi (15196) 7/2 0.01
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Radiative decay

The Qp.. baryons

TABLE X. The radiative decay widths of the Q... baryons below 8.58 GeV and the Q. baryons below 11.72 GeV in units of keV. All unlisted
decay widths for these states are below 0.05 keV.

(L,,5)  Initial state Qo (8017) 1/27y 9 (8030) 3/27y[(L,.S)  Initial state Qppc (11204) 1/27y Qpp (11221) 3/27y
0.1) Qec(8463) 1727 0.2 0.0 (0,3) Qe (11627) 3/27 0.1 0.0
0.3) o, (8564) 1/2* 0.8 L1 2.1y Qoo (TT700) 3127 07 04
(0,3) Qe (8469) 3/27 0.2 02 T2 Qupe(11699) 5/2* 0.9 0.1
o1 Qpec (8549) 3/27 229 15.0 Qppe (11702) 1/21 0.0 12
2 Qpec(8548) 5/2* 19.1 6.0 @3 Qppc(11708) 3/2 0.3 0.7
e (8536) 1727 0 370 22 Qe (11712) 5/2% 0.1 0.7
1o Quen(8545) 3/2* 127 15.0 Qe (11715) 7/2* 0.0 0.8
2D g, (8550 5/2+ 47 n6 (1, 1y Qe (TISTD 172 317 238
Qo (8552) 7/2¢ 0.0 277 2 Qe (11578) 3/27 126.3 65.0
| OO 1/ 415 73 0, (11559) 1/2- 6.7 476
(123) g (8322)3/2 1350 2% (1.3) Qupe(11576) 3/2 457 98.5
G0 (8310) 1727 24 1226 Qo (11584) 5/27 0 145.3
N _ 1\ @y (11496) 1/2 03 04
(1,3) Qpec(8323) 3/2 193 134.8 (1LY _
yppoengud o1 1500 2) Qe (11506) 3/2 0.1 0.0
Qm(sism Ton T 5 Qe (11627) 3/27 — Qe (11559) 1727y 0.1
(i Q/W §307) 32 by 61 Qppe (11621) 1/2* = Qe (11571) 1/27y 0.1
bee (8397) 3/2 il > Qppe (11700) 3/2* — Qe (11571) 1/27y 0.1
Qpec (8545) 327 — Qpec (8389) 1727y 0.5 Qe (11708) 3/2% — Qe (11571) 1/2-y 01
Qpec (8546) 1/2F — Qpe(8389) 1/27y 0.2 Qe (11708) 3/2% — Qe (11576) 3/27 0.1
Qpec(8564) 1/2F — Qp(8389) 1/27y 13.6 Qe (11712) 5/2% — Qppe(11576) 3/27y 0.2
Qpec(8546) 1/2% — Qpec(8397) 3/27y 0.2 Qupe(11621) 1/2% — Qe (11578) 3/27y 0.1
Qpec(8550) 5/2F — Qpec (8397) 3/27y 0.1 Qpbe(11699) 5/2% — Qe (11578) 3/27y 0.1
Qpec(8564) 1/2" — Qp(8397) 3/27y 25.6 Qppe(11627) 3/2% — Qe (11584) 5/27y 0.1
Qe (11700) 3/27 — Qe (11496) 1727 0.1 Qe (11715) 7/2* — Qupe (11584) 5/27y 0.2
(L, S) Initial state  Qpcc(8310) 1/27y Qpec(8319) 1/27y Quec(8322) 3/27y Qpec(8323) 3/27y Qpec(8330) 5/27y
Qe (8463) 1727 50 160 36.8 64 0.0
(0.1/3) Qpec(8564) 1/2% 0.2 05 0.7 12 0.1
Qe (8469) 3/2* 9.6 2.1 28 18.6 32.1
Qpec (8546) 1727 1463 323 1% 298 0.0
Qe (8545) 3/2F 98.1 193 0.8 68.3 54
(2,173 Doec(8349) 3/2* 1.1 1293 459 238 53
2217 Q.. (8548) 5/2% 0.0 0.2 170.4 0.0 1.5
Qpee(8550) 5/2* 0.1 0.0 24 133.3 442
Qe (8552) 7/2* 0.0 0.0 0.1 0.0 172.1
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Radiative decay

The Qpp baryons

TABLE X. The radiative decay widths of the Q... baryons below 8.58 GeV and the Q. baryons below 11.72 GeV in units of keV. All unlisted
decay widths for these states are below 0.05 keV.

(L,,5)  Initial state Qo (8017) 1/27y 9 (8030) 3/27y[(L,.S)  Initial state Qppc (11204) 1/27y Qpp (11221) 3/27y
0.1) Qec(8463) 1727 0.2 0.0 (0,3) Qe (11627) 3/27 0.1 0.0
0.3) o, (8564) 1/2* 0.8 L1 2.1y Qoo (TT700) 3127 07 04
(0,3) Qe (8469) 3/27 0.2 02 T2 Qupe(11699) 5/2* 0.9 0.1
o1 Qpec (8549) 3/27 229 15.0 Qppe (11702) 1/21 0.0 12
2 Qpec(8548) 5/2* 19.1 6.0 @3 Qppc(11708) 3/2 0.3 0.7
e (8536) 1727 0 370 22 Qe (11712) 5/2% 0.1 0.7
1o Quen(8545) 3/2* 127 15.0 Qe (11715) 7/2* 0.0 0.8
2D g, (8550 5/2+ 47 n6 (1, 1y Qe (TISTD 172 317 238
Qo (8552) 7/2¢ 0.0 277 2 Qe (11578) 3/27 126.3 65.0
| OO 1/ 415 73 0, (11559) 1/2- 6.7 476
(123) g (8322)3/2 1350 2% (1.3) Qupe(11576) 3/2 457 98.5
G0 (8310) 1727 24 1226 Qo (11584) 5/27 0 145.3
N _ 1\ @y (11496) 1/2 03 04
(1,3) Qpec(8323) 3/2 193 134.8 (1LY _
yppoengud o1 1500 2) Qe (11506) 3/2 0.1 0.0
Qm(sism Ton T 5 Qe (11627) 3/27 — Qe (11559) 1727y 0.1
(i Q/W §307) 32 by 61 Qppe (11621) 1/2* = Qe (11571) 1/27y 0.1
bee (8397) 3/2 il > Qppe (11700) 3/2* — Qe (11571) 1/27y 0.1
Qpec (8545) 327 — Qpec (8389) 1727y 0.5 Qe (11708) 3/2% — Qe (11571) 1/2-y 01
Qpec (8546) 1/2F — Qpe(8389) 1/27y 0.2 Qe (11708) 3/2% — Qe (11576) 3/27 0.1
Qpec(8564) 1/2F — Qp(8389) 1/27y 13.6 Qe (11712) 5/2% — Qppe(11576) 3/27y 0.2
Qpec(8546) 1/2% — Qpec(8397) 3/27y 0.2 Qupe(11621) 1/2% — Qe (11578) 3/27y 0.1
Qpec(8550) 5/2F — Qpec (8397) 3/27y 0.1 Qpbe(11699) 5/2% — Qe (11578) 3/27y 0.1
Qpec(8564) 1/2" — Qp(8397) 3/27y 25.6 Qppe(11627) 3/2% — Qe (11584) 5/27y 0.1
Qe (11700) 3/27 — Qe (11496) 1727 0.1 Qe (11715) 7/2* — Qupe (11584) 5/27y 0.2
(L, S) Initial state  Qpcc(8310) 1/27y Qpec(8319) 1/27y Quec(8322) 3/27y Qpec(8323) 3/27y Qpec(8330) 5/27y
Qe (8463) 1727 50 160 36.8 64 0.0
(0.1/3) Qpec(8564) 1/2% 0.2 05 0.7 12 0.1
Qe (8469) 3/2* 9.6 2.1 28 18.6 32.1
Qpec (8546) 1727 1463 323 1% 298 0.0
Qe (8545) 3/2F 98.1 193 0.8 68.3 54
(2,173 Doec(8349) 3/2* 1.1 1293 459 238 53
2217 Q.. (8548) 5/2% 0.0 0.2 170.4 0.0 1.5
Qpee(8550) 5/2* 0.1 0.0 24 133.3 442
Qe (8552) 7/2* 0.0 0.0 0.1 0.0 172.1
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SUMMARY

Within the framework of the nonrelativistic quark model, we systematically investigate the
mass spectra and radiative decay widths of the triply heavy baryons up to D-wave states using
the Gaussian expansion method.

o Qccc and Qppp baryons:

@ The predicted masses for low-lying states agree with lattice QCD results, while those for excited
states are generally lowera trend consistent with most potential model predictions.

@ We establish that J ¥ = 1/2* baryons composed of three identical quarks still possess S-wave
bound states, correcting a misinterpretation in earlier literature.

o Qpcc and Qpp . baryons:

@ Our calculated mass spectra are consistent with lattice results within their respective
uncertainties.

© We demonstrate the existence of all excitation modes for baryons with two identical quarks, with
certain modes exhibiting mixing effects.

For radiative decays, the principal conclusions are:

@ Radiative decay patterns differ fundamentally between baryons with three identical quarks
and those with two identical quarks, governed by distinct underlying mechanisms.

@ Our calculated radiative decay widths for Q... and €, baryons exhibit discrepancies
with Ref. [16], likely attributable to its omission of identical particle symmetry
considerations.

© Mixing between the total spin states S = 1/2 and S = 3/2 plays a crucial role in electric
dipole transitions. Consequently, accounting for this mixing is essential for accurate
radiative decay width calculations.
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