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In this work, to establish a more abundant A, baryon spectrum, we discuss the production potentials of
the excited A, baryons through A, hadronic weak decays within a constituent quark model. Based on our
successful explanations of the existing experimental data for the A, - A.(z~,K~,D~,D;,D:")
processes, we further calculate the decay rates of the A, baryon into the 1P-, 1D-, 25-, 3S-, 2P-, 1F-,
and 2D-wave A, excited states. It is found that these A. excitations have large production rates in the A,
hadronic weak decay process associated with z~ meson emitting, i.e., A, — Alz~, their branching
fractions can reach up to (’)(10‘3). To search for the higher 3S-, 2P-, 1F-, and 2D-wave A, states, the
A, = A.(38)7~ = Dpa, and A, = A,(2P,2D,1F)z~ — D*)pz~ decays are worth observing in

future experiments.

DOI: 10.1103/cy35-5Imh

I. INTRODUCTION

Searching for more new hadron states and exploring the
hadron structures are key topics in hadron physics. For the
AJ spectrum, since the ground state A.(2286)" was first
observed in 1976 at Fermilab [1], lots of studies have been
carried out in both theory and experiments (for a review,
see [2-9]). Seven candidates of A excitations, A.(2595)",
A (2625)F,  AL(2765)F,  A.(2860)F,  A.(2880)7,
A.(2910)", and A.(2940)" were observed in the past
three decades [10]. It is widely accepted that the A.(2595)"
and A.(2625)" should correspond to the two A-mode 1P-
wave A/ baryons with J& = 1/2~ and 3/2~ predicted in
the quark model [11-34]. The A.(2860)" and A.(2880)"
resonances favor the two A-mode 1D-wave Al baryons
with J¥ =3/2% and 5/2% [12-19,21-24,27,29,35-44].
While the A.(2910)" and A.(2940)" resonances may
be assigned as the higher 2P A-mode excitations with J© =
1/27 and 3/27 [12,18,21,27,29,40,41,44-55], although
there are other explanations, such as D*/N molecular states,
in the literature [56-80]. The quark model classification
of A.(2765)" is still undetermined, it may be a radial
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excitation of Al as suggested in the literature [12,49,53,81].
Currently, except for better understanding the nature of the
observed A baryons, another important task that we face
is searching for the missing higher orbital and radial
excitations, such as the 3S-, 1F-, and 2D-wave states, in
the A} baryon spectrum.

The LHCb experiments provide a good opportunity for
systematically studying the excited A} baryons via A,
hadronic weak decays. For example, in 2017, the LHCb
Collaboration performed an amplitude analysis of the
decay A, — D°pz~ [82]. A new resonance A.(2860)"
together with two early observed states A.(2880)" and
A.(2940)* [83-85] were established in the D°p invariant
mass spectrum. With the accumulation of data sample of A,
baryon in Run 3, more and more higher A excitations may
have large potentials to be observed in the A, weak decays.
To provide a useful reference for forthcoming experiments
and deeply understand the weak decay mechanism of bottom
baryons, we carry out a systematical study of the hadronic
weak decays A, — AU h~ [AY) = AL(18,25,35, 1P, 2P,
1D,2D,1F), h  =z",p ,K ,K*,D~,D*",D;,D;7]
within a constituent quark model, which has been developed
recently, and successfully applied to study the hadronic weak
decays of single charm baryons [86-90], Q,, baryon [91], and
charmed mesons [92]. This model is similar to the early
model that was adopted to deal with the semileptonic decays
of heavy Ay and Q baryons [93,94].

The hadronic weak decays of A, into the ground A[
baryon have been widely discussed in the literature with
various methods, such as light-front quark model [95-98],

Published by the American Physical Society
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heavy quark effective theory [99,100], the factorization
approach [101,102], relativistic three-quark model [103],
covariant oscillator quark model [104], perturbative QCD
approach [105], etc.. However, the studies of the A,
decaying into the excited A baryons are quite scarce,
only a few studies of the A, - A.(1P,2P,2S)h~ proc-
esses are found in the literature [95,106,107].

This paper is organized as follows. In Sec. II, a detailed
review of two-body nonleptonic weak decays of A, —

AE*) h~ in the constituent quark model. In Sec. III, the

theoretical numerical results and discussions are presented.
Finally, a short summary is given in Sec. IV.

II. FRAMEWORK

A. The model
The A, — AE,*)h‘ decay is particularly interesting
because there is only a W-emission diagram contribution
[3], which is displayed in Fig. 1. At the quark level, we
consider the b — ¢§4q5(q4q5 = ud, s, ¢d, ¢s) transitions.
The effective Hamiltonian is given by [108]

G
HWZ7§

where Gy is the Fermi constant [10], C; and C, are
the Wilson coefficients. V., and V,s are the Cabibbo-
Kobayashi-Maskawa matrix elements [10], and the current-
current operators are
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HC~ [, + 22 2y  yx LeZ
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FIG. 1. Feynman diagram for the nonleptonic weak decay
processes of A, = A~ (b~ =a-, p~, K-, K*~, D~, D*",
Dg, Di7).

O = g1, (L= rs)wo e, /(L =)y, (2)

Oy = wa, vu(L = 1)y, We, /(1= vs)ws,,  (3)
with y; (j =u/d/s/c/b, 6 = a/p) representing the jth
quark field with a color index 6 in a meson or baryon.

Considering its parity behavior, Hy, can be divided into
two parts, the parity-conserving part H5C and the parity-
violating part H%Y [86,87],

Hy = HIE + HYY. @

With a nonrelativistic expansion, the two operators can be
approximately expressed as

P P4 P; P
53(P3—P'3—P4—P5>{0'4'<—5+—4——3,——3>

2ms  2my  2m5§  2m;

o ()|}

G . G\ .0
H =SV (€0 G ) 2o 0= 1)y 0l = i) ©)
Jid ¥) 7
where, p;, m;, and 6; stand for the momentum, mass, MM,[_{Mjf,M,h (Ap — A(c 'h )
and spin operator of the jth quark, respectively, as Jid .0y PC Jid g JpPV
shown in Fig. 1. While, qAﬁc and Of stand for the color = MMJ,AMJf.MJh + My My My, (7)

and flavor operators, respectively. They are explicitly
given by

0/ = bi(@)bi(D)b3()bs(b). e = Beebee,s (6

where b" and b are the quark creation and annihilation
operators, and the &, . represents that the colors of two

quarks, ¢; and c;, should be conserved.
In the quark model framework, the decay amplitude for

the A, — A"~ is given by

- Jidp JiPC gAY g PCIqp
with MM,[_,MJf.MJh = <‘PJfMJflPJhMjh |Hy |lPJ,-M,[_> and

Jidg Iy PV AE*) h PV iy Ay
My, My My, = ( IeMy, LI]J,,M,h |Hy |‘PJ,M,,,>7 where LPJ[MJIJ

®

A .

Wy, »and W' stand for the wave functions of A,
Mg WM,

AE.*), and the emitting meson /-, respectively.

The total wave function of a hadron should include four
parts: a color wave function ¢, a flavor wave function ¢, a
spin wave function y, and a spatial wave function y. The
color wave functions for the meson and baryon systems
should be a color singlet, which are given by
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\/ig (RR + GG + BB), for meson,
o= (8)
\/Lg (RGB — RBG + GBR — GRB + BRG — BGR), for baryon,

For the A};) (Q = ¢, b) baryons, the light quarks in which
satisfy the SU(3) symmetry, their flavor wave function
belong the 3 representation, i.e.,

Ao 1
=—=(ud —du)Q. 9
by ﬁ( )Q ©)
For the final meson states (z~, p~, K—, K*~, D=, D*~, Dy,
D7), the flavor functions are given by

ud, forn ,p~
us, for K=, K*~
b= ' ' . 10
¢f c¢d, for D~,D*" (10)

cs, for Dy, Di

For a single heavy baryon system ¢;¢q,Q5, the relative
momenta between quarks are defined by

V2
P, 27(p1 -P2)
P, = \/_8””3(1)1 +P2) — (my +my)ps (11)
4 2 m1 —I—m2+m3 ’

In this work, the spatial wave functions for the Ag) states

are used a simple harmonic oscillator (SHO) form. For a
A<Q*) baryon state with quantum numbers N, L, and M, the

spatial wave function can be represented as a product of the
p- and A-oscillator parts [109-112]

YNLM, (Pm p.)
= [Rn/,l/, (pp)yll,m/, (pp) ® Rm[,l (pi)ylimi (pi)]IIYML’ (12)

where n,,;,1,,,,m,, are the principal, orbital, and mag-
netic quantum numbers for the p/A oscillators, respectively,
while the quantum numbers N, L, and M; satisfy
N=2n,+n)+1,+1, L=1,+1,...1l,-1)] and
M, =m,+m,. In Eq. (12), the function ), (p)=
Ip|'Y;,,(Pp) is the Ith solid harmonic polynomial, the
SHO form of the radial part R,;(p) in momentum space
is given by

. R ’
Ru(p) = (i)' (=1)" [(n +li 1/2) 1] o732 *P (_2paz>

x L2 (p2/a?). (13)

There are two harmonic oscillator parameters a, and @, in
the spatial wave function. Finally, the total wave function of
A(Q*) baryons in the spin-orbital (L — §) coupling scheme
for the states with quantum numbers of total angular

momentum and its z-component, J and M;, is given
by [113]

AD

¥, = A{[WNLML (P, P2) ®)(§MS]JMJ¢?QZ.:C}’ (14)

where A represents the operator that enforces antisymmetry
on the total wave function when the two light quarks are
exchanged, while S and Mg are the quantum numbers of the
total spin angular momentum S and its z-component,
respectively. The explicit forms of the spin wave function
XSu, with different permutation symmetries o(= s, p, 1)
can be found in Refs. [25,114]. The detailed total wave

functions of the Ag*) baryons, up to the 2D states, are
presented in Table I.

The wave functions for the ground pseudoscalar and
vector mesons involved in the final states are given by

lPZM,h = C?¢?ZSMS‘//(P47P5)’ (15)

where the spatial wave function is adopted as the SHO
form, i.e.,

23/4 |:

(P4 —psq
v (ps, P5s) = ———=5¢€xp , 16
( 4 5) 77.'3/4/)7%2 ( )

~SE

where f is the well-known HO parameter. For a pseudo-
scalar meson, the spin wave function is given by

1
=— — , 17
X00 ﬁ(Ti 1) (17)
while for a vector meson, the spin wave functions are
given by

1

=11, )(10:\/5

(M), =4 (18)

Then, with the decay amplitudes worked out in the
constituent quark model, the partial decay width for the

Ay = A£*>h‘ process is calculated by
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TABLE L

The total wave functions of the A, baryons up to the 2D states. The Clebsch-Gordan series for the spin

and orbital angular-momentum addition [JM ;) = Xy _p—p (LM, SM¢|JM YNy 0 xsy. has been omitted.
L+Mg=M, L s

State n, L, n, L, N L S JP Wave function
|A. leJP) 0 0 0 0 0 % %Jr Oy/(s)o;/s’:g{)é’B
A 12P,J°) 0 0 0 1 1 1 3 SRl Wi, 25, s
A, 228,J7) 0 0 1 0 2 0 1 L+ Wioils s
|Ac 17D;J") 0 0 0 2 2 2 5 33t Wh, X5.9Cs
A, 22P,J") 0 0 1 1 3 1 3 LA Win 2. 9Cs
A 1PF,J7) 0 0 0 3 3 3 5 %_, ' 3‘//§ML)(§‘:¢K:B
|A, 328,J7) 0 0 2 0 4 0 ! = whor's 9Cp
|A. 22D,1JP> 0 0 1 2 4 2 % %*, %* 4W%MLX§:¢§B
) |q|ELE A0 1 ’ Jidydy ) a, = 400 MeV, while the --mode HO parameter a; is
=oxn M, My M,y | related to that of p mode with the following relation [25,42
M/\b 2JAb +1 MJ[:M/erMJh gpMy My, P g [ ]
19 3my,
( ) a, = 4 b(c) a,. (21)
my +mg + Mp(c)

where q and E), are the three-momentum and energy of the

meson &, respectively, E ) is the energy of the A£*>

baryon, and M,, is the mass of the A, baryon.

B. Model parameters

In this work, the CKM matrix elements and the lifetime
of the Ag baryon are taken from the PDG [10], which are
listed as follows:

(Vs V) = (0.9737,0.2245),
(Voas Vess Vo) = (0.221,0.987,0.041),
Ty = 1468 x 10712 s. (20)

The Wilson coefficients (Cy, C,) = (1.1,—-0.25) are taken
from Refs. [98,108,115].

In the calculation, the standard quark model parameters
are adopted. The constituent masses for the u/d, s, c,
and b are taken as m,,; =450 MeV, m; = 550 MeV,
m, = 1450 MeV, and m,; = 4800 MeV, which are con-
sistent with those adopted for the recent heavy-light meson
spectrum calculations within the potential model [116].

For the A, and AE.*) baryons, the p-mode HO parameter is
set to the commonly used value in the literature, i.e.

For the mesons, the HO parameter f is determined by [117]

2m, m;

p=—L2L q, (22)

(mq7 + mq)mu

where the parameter a corresponds to the HO parameter of
the 7z~ and p~ mesons. To maintain consistency with
baryons, a is also taken as a = @, = 400 MeV.

The masses for the baryons [Ag and AE*H] and mesons
(==, p~, K-, K*=, D=, D*~, Dy, D;) observed by
experiments are taken from the PDG [10]. For the unes-
tablished A} resonances, the masses are taken from the
quark model predictions [19]. The corresponding numeri-
cal values are listed in Tables II and IV.

It should be pointed out that there are some uncertainties
in our predictions due to the uncertainties of the model
parameters. Our analysis shows that the uncertainties of our
predictions mainly come from the HO parameters a,, and f3
adopted in the calculations. Usually, these HO parameters
have an uncertainty of ~10%. Taking a 10% variation for
the HO parameters a, and f, we further evaluate the
uncertainties of our predictions, which are given in
Tables III and IV. It is found that uncertainties of the

TABLE II. The masses (MeV) for the observed baryons and mesons taken from the PDG [10].

State  AY n K- D~ D; p- K* D*~ D~
Mass 5620 140 494 1870 1968 775 896 2007 2112
State AL A.(2595)7 A.(2625)T A.(2765)7 A.(2860)T A.(2880)" A.(2910)" A.(2940)*

Mass 2286 2592 2628 2767 2856 2882 2914 2940

014031-4
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TABLE IIL

Branching fractions (with a unit of 1073) of the Ay, = A h™ processes (b~ =", p~, K=, K*~, D™, D*~, Dy, D;7). The

first error of our predictions comes from the baryon HO parameter o, with uncertainties of +10%. The second error of our predictions
comes from the meson HO parameter $ with uncertainties of =10%. For a comparison, the other model results and experimental data are

included.

Decays This work [95] [99]1  [101] [103] [100] [102] [104] [97] [98] [96]  Exp [10].
Ay = A 56750 406t 46f7) 46 562 391 175 4.96 567 49404
Ap = AK™ 0313017000 0315018 0.3 0.393 046 0.356 4 0.028
Ap = AD™ 04310110 0475030 030 0522 0.76  0.46 +0.06
Ap = ADT 1035300755 11927780 2377 137 1291 223 770 124 1478 1994 11.0+1.0
Ap = AD;™ 17554914580 174911060 173420 218 1983 326 14.14 105 2516 3086 183+18
Ap = Ap™ 69173084162 12981719 66124 129 10.82 491  8.65 16.71

Ay = A K™= 03710185012 0 631037 027 0.441 0.87

Ay = AD™ 0828071027 0.84103) 0.49  0.520 1.38

TABLE IV. Predicted decay properties of the A, — A(C*)h‘ processes. The first error of our predictions comes from the baryon HO
parameter a,, with uncertainties of +10%. The second error of our predictions comes from the meson HO parameter § with uncertainties

(*

of £10%. B stands for the branching fraction, and M stands for the mass of the final state A¢ ). For the branching fractions ratios, the
uncertainties come from f are tiny, which are omitted.

BIA)=AL 7] BIAY—AL ]
State Mass B,-(1073) BAN-A] B(107%) [95] B,-(107?) B=AT] B(107%) [95]
AP 2592 saafR 000l ool sTALIHIR osoh 2990
AcPRE) 2628 sTERE LSRR 24058 sssafiad 19%R assd
ACRSEY 26T STERLR L0 17088 s30T 08l 4say)
AcIPDEY 2856 400y 07203 IS 065y
[Ac 1D;3") 2882 45670313 080335 4825553 075555
A 22P;47) 2983 [19] 2397907+l 0.427518 0.681031 2.28 03000 0.357548 1.8520¢
|A;2°P;37) 3005 [19] 3917925472 0.69753) 100138 379799426 0.59797) 193531
ACPEE) 3097191 o6 019 096GADE 015
A, PFI7) 3078 [19] 1467024048 0.267012 1.337050% 0.217559
AFSE)  BBONOT LGRS 0200 08IGRDE 0133y
ACPDR) BISNOTLOTERRY 09k 08903A% 01455
|A.22D;3%) 3209 [19] 1137533038 0.207%4 0.977030 503 0.1579%%

BIAY AT K] B AT K]
State Mass Bg-(1074) BASATK]  B(107%) [95] By (1074) BA-ATK] B(1074) [95]
ACERE) 252 a77RR osoRn osm 207eRR osigl 1s
A, 12P,37) 2628 46570904153 149703 17539 4720080417 129703 22433
ACESE) 26T S0 096l gl 27enBuR 036RR 25y
A, 12D;37) 2856 2155005100 0.697074 2.097001508 0.5779%
A 12D;3%) 2882 233phng 075505 2417051506 066753
A 22P; 47y 29830191 1227908040 0397510 05703 11203503 031755 0.9193
AZRE) 005001 L96SRAE  06SE ol LssOBRd osugE 10y,
A, PFST) 3097 [19]  0.537%11+047 0.17:5% 0.4679191015 0.13759¢!
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TABLE 1V. (Continued)

BIAY=AD K- BIA)—AL K]
State Mass Bg-(107%) BINUSATK ] B(107%) [95] By~ (1074) BINUSAZ K] B(107#) [95]
Ac PFy3) - 30781191 07270330 02335 0.64%0 165017 018355
[Ac3%8,5%) 31300191 054753515 017355 041550 0.ITGE
AZD) 3L 0sESEAN 017 oazgiLal 0124w
IA:2°D;57) 32090191 0547575005 017355 04570551 012351

BIAY ALY D] BIAY A D]

State Mass Bp-(107%) BN=ATD] B 95] Bp-(107%) BA=ATD] B(1074) [95]
A 12P;4) 2592 2471030008 057759 07707 407THIH 0.50759% 1.2%55
ACPRE) 265 asoBe 0l 13 a4t oaxdy 13y
A 225,57) 2767 149550040 035%0n 1559 12155000 015506 26553
[Ac 12D5") 2856 094 5my 0% 0223515 1255055 015500
ACEDE) 22 oTheE o onsge LOYERSE  0anh
APPE) W09 030ESR, 0074 o4l oasEA oot e
APPE) B00SLOL 00SOME 009G 07 0aadBE  0oseR o6t
ACEEE) 30970191 0068y 001 0SSN 0006
ACREE) 0TSIOL 0090TEIES 00215 008BETE 001074y
ACTSE) 310091 ooseRiEa 0013 0029 80RT 000358565
AC2DE) IS 003 000yt 00334 000405
A 22D3Y) 32091191 00283091000 0.006:4%3 0.02075W000 0002534413

BAY AT D BIAY A D=
State Mass Bp-(1073) 71[%[/?2%:0;]] B(1073) [95] Bp:--(1073) 7};&2%;[);]] B(1073) [95]
ACPRE) 2592 sammnE oSS imtg o s23UENR 04 28
A 1PP;37) 2625 752100249 0777017 2.8872 7.02+3 3101252 0.40799% 241725
ACRSE) 6T 2esURAN 0308 asaE 2200BRE oy s
A PD) 2856 1gS RO 0103097 21003408 012390
[Ac 12D;3%) 2882 140705305 014354 1657035105 0.094550%
A, 22P) A7) 2983 (191 0.5379957018  0.055799% 0.87:038 0.537012 004" 0.0307995 1162053
ACPPE) WOSIOL 0GSHEUE  0067EL  LtH  0enIEUH  0og iy
Ac 12F;37) - 3097 1191 0.093750 635 0-01035711 0.0663%2,70922  0.0037 5904
APEE) 078191 01488200 0.014708 010305508 0.0058-4%2]
ACFSE) 301191 00BTEEE 00084 D03 0002105
[Ac 22D;37) 31891191 0.061750557001  0-0063550) 0.0357 900870012 0.002075%0%
A 2D 3209 19] 003SULEL 00044 DOIBTGETY 00010755

branching fractions can reach up to ~50% due to the

uncertainties of the HO parameters. However, the relative

branching ratio

meson HO parameter /.

BIAY ALY M)
B[Az—»A?M]
small uncertainty of ~10% due to the variation of the
baryon HO parameter a,, however, is insensitive to the

, as shown in Table IV, bears a

A. Ab i Ach_

III. NUMERICAL RESULTS AND DISCUSSION

First, we study the weak decay process A, - A.h~ as a
test of our model. Our predicted branching fractions for
each decay channel are given in Table III. For a compari-

son, the experimental data and some results from other
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theoretical models are listed in the same table as well. From
Table III, it is seen that our predicted central values of
branching fractions for A, - A.(z~,K~,D~, Dy, D),
(5.67,0.31,0.43,10.3,17.5) x 1073, are in good agree-
ment with the experimental data [10]. Furthermore, the
predicted branching fraction ratios

B[Ah - AcK_] —
Ry/n = BIA, = Az ~0.0548700005 £0.0,  (23)
BIA, — AD"] )
Rp/p, = BlA, = AD7] ~0.044050 0000 0017, (24)
_ B[A, = AD;] —0.04
Roip, = B, S ap = 8000 00 (25)

are also consistent with the measured central values,
R?fﬂ:0.0731i0.0022, R;;‘/"D =0.0424+0.006, RSP = =

D;/D; —
1.668 £ 0.022790%), respectively.

For the processes A, — A.(p~,K*~,D*7), which
have not been measured in experiments, the branching frac-
tions are predicted to be (6.9173%7152 03770184012
0.8270577027) x 1073. From Table III, it is found that
there are obviously model dependencies in the various
model predictions. For example, for the A, — A.p~
process our predicted branching fractions are roughly
consistent with those of heavy quark effective theory [99],
covariant oscillator quark model [104], covariant light-front
quark model [97], however, about a factor of ~2 smaller
than those predicted in Refs. [95,96,100].

To further understand the branching fractions of
the vector meson emission processes, B(A, = A.V)
(V =p~,K*,D* D), we analyze their transition ampli-
tudes. The extracted transition amplitudes for the A, —
A,V process are given by

MUY = 3230/ Cy 1P T F(gP). (26)
MUEIEY = —16V6m 4 Cy 2T F (gP), (27)
MVEVRLPC _ o g 1a1p(g?) o 2_%+%+%+@+m3’
12120 = ~bwlaldil(g7) |0y, sy my o ms | my | ms
2my  2my,  4m, my  my
+a <2+—2+—2+—2+—3+ 3)} (28)
! my ms my my ms
MVEVRLPC _ e 1a1E(?) |a? (2 +4ﬂ _2my  2my  my  my
—1/2,1/2,-1 wla i " ma | ms  ma  ms
2 2 4 / /
+a? <2—ﬂ+ﬂ T T m3>] (29)
! ny ms my my ms
|
with of the parity-violating amplitudes Ml_/lz/zl/_zlbfg and
Gr 1 C M1_/12/21/12/21ﬂ/ are relatively small due to the suppression of
Cw = 7%@ VerVis (C 1+ f) (30)  the heavy charmed quark mass, my. For the A, —

3m3q® ) (1)
@+ ) om )

F(q*) = exp (—

L Aeagd
“ O (2my + m3/)(a,21f + ai)s/z(aﬁ[ + a2 )3’

where (a, , @) and (@, o0, f) are (p, A)-mode HO parameters
of A, and A, respectively, while § stands for the HO
parameters of the emitting mesons. From the amplitudes
given in Egs. (26)—(29), one can see that the contributions

A.D*~, A D}~ processes, the dominant contributions arise

1/2,1/2,1,PC

from the parity-conserving amplitudes M and

—1/2,-1/2,0

MUZYEEE given in Egs. (28) and (29), where the %2 ~

3.2 term plays a crucial role (note that msy = m,, ms = m,,).

For the A, = A.(p~, K*7) processes, the dominant contri-

bution arise from the parity-conserving amplitude
1/2,1/2,1,PC 1/2,1/2,1,PC

M—1/2,—1/2,0’ however, the ./\/1_1/2’1/2’_1

strongly suppressed due to a large cancellations between
the main terms —2

ms

contribution is

Moyt . . . .
and % This cancellation mechanism is

the main reason why large ratios S =AL0) o 2.570¢ and

B(Ab_)Acpi)
% ~ 2.21%‘% are predicted in this work.
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Finally, it should be mentioned that for the A, —

A (7=, K™) processes, except for a sign difference, the

transition amplitudes M1_/12/21/_2 i(;’;(‘)/ and /\/ll_/lz/zl/_2 1’3’21?0C have

the same forms of those for the A, — A,V process given

in Egs. (26) and (28), respectively. Since the Ml_/lz/zl/lz/zlfr

and Ml_/lz/zl/lz/zlflc are negligibly small for the A, —
A.(p~,K*") processes, we obtain B[A, > A.z] =~
B[Ab - Acp_] and B[Ab - ALK_)] = B[Ab - ACK*_]
as those given in Table III.

B. Ay —» A, (1P)h~

There are two A-mode 1P-wave A, states |A,12P,3~) and
|A.1?P;37) predicted within the quark model, which
should correspond to the two well-established resonances
A.(2595)" and A.(2625)* listed by PDG. In this work, we
study the A, — A.(2595,2625)"h~ (b~ =7n",p, K",
K*~,D~,D*",Dy,D;”) processes, and our results are
given in Table IV.

It is seen that the nonleptonic weak decays associated
with the emission of 7~ mesons, A, — A.(2595,2625)" z~,
have large decay rates. The branching fractions are pre-
dicted to be

B[A, = A.(2595,2625)* 77

~ (512557159, 8735551557) x 1073, (33)

the order of magnitude, O(1073), is consistent with that
predicted within the light-front quark model [95] and
constituent quark model [106]. The branching fraction
ratio between the A.(2595%)z~ and A.(2625)"z" is
estimated to be

B[A, = A (2595)" 7]
B[A, = A (2625) 7]

~0.597005. (34)

which is in agreement with the prediction, ~0.45,
in Ref. [95].

In  experiments, the decay chains A, —
A.(2595,2625) 77, with A.(2595,2625)" - Afn" =™,
have been observed by the CDF and LHCb
collaborations [118,119]. The branching fractions rela-
tive to the A, - Afz~x"n~ measured by the CDF are
B[A, = A.(2595)Tz7] - B[A.(2595)" — Alzx'n"] =
(23 £05+04)% and B[A, = A.(2625)" 7] -
B[A(2625)" - Afzntz7]| = (68 £1.0£23)% [118],
which are comparable with the LHCb measured values
(44 £ 1.7909)% and (43 +£1.540.3)%, respectively.
Combining the measured central value B[A.(2625)" —
Afntz7] =502% and the theoretical prediction
BIA.(2595)" — Afntn™] =39.9% in Ref. [38], from
the data measured at CDF one can extract a branching

fraction ratio % ~ 0.42 (central value), which
is close to our prediction in Eq. (34).

Due to the large CKM matrix element V., = 0.987,
the nonleptonic weak decays associated D, and D} emit-
ting, A, = A.(2595,2625)" Dy, A.(2595,2625)" D},
have large decay rates as well as that of the z— meson
emitting processes. The order of magnitude of the branch-
ing fractions can reach up to O(1073). The A, —
A (2595, 2625)+D£*>_ processes were also studied within
the light-front quark model in Ref. [95], where the
predicted branching fractions are systematically a factor
of ~3 smaller than ours. According to our predictions,
the branching fractions of A, — AC(2595,2625)+D§*>_
are only a factor of ~2 smaller those of A, — ACD_(Y*)_,
thus, with the accumulation of the A, sample, the
AC(2595)+D§*>_ and AC(2625)+D§*>_ channels may have
great potential to be observed in future experiments.

C. Ay —» A(1Dy)h~

There are two A-mode 1D-wave A, states [A.12D;3")
and |A.1?D,;3") predicted within the quark model.
The A.(2860)3/2" and A.(2880)5/2" resonances
observed in experiments favor the A-mode 1D-wave
states [12—19,21-24,27,29,35-44]. With this assignment,
we study the A, - A.(2860,2880)"h~ (b~ =7",p", K",
K*~,D~,D*",Dy,D;”) processes, and our results are
given in Table IV. It is found that the A, has large decay
rates into both the A.(2860)"z~ and A.(2880)"z~ final
states. The branching fractions are predicted to be

B[A, — A.(2860,2880) 7]
= (40910307177 4.5670311134) x 107, (35)
which are comparable to that of the Az~ channel.
The A, — A.(2860,2880)"z~ processes have been

observed by the LHCb collaboration [82]. From the data,
they extract a branching fraction ratio

B[A, = A.(2860)" 7] - B[A.(2860)" — Dp]
B[A, — A.(2880)" 77| - B[A.(2880)" — Dp]
~4.547030 +0.12. (36)

In a recent work [28], the partial widths of A, (2860, 2880)"
into the D°p channel are predicted to be I'[A.(2860)" —
D°p] ~22 MeV and I'[A.(2880)" — D°p] ~0.35 MeV.
Combining these predicted partial widths with the measured
widths of I'y (2360) 2 67.6 MeV and I'y (2g30) =2 5.6 MeV
from PDG, we estimate the branching fractions of
A.(2860,2880) into the D°p as B[A.(2860)* — Dp] ~
32.5% and B[A.(2880)" — D°p| ~ 6.3%. Further combin-
ing the measured ratio given in Eq. (36), one can extract an
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experimental ratio of %ﬁgggiﬂ ~ (.88, which is in

good agreement with the value,
B[A, = A.(2860)" 7]
B[A, — A.(2880)" 7]

~0.907002, (37)

predicted in theory. Thus, the A.(2860)3/2" and
A.(2880)5/27 production data via A, weak decays from
LHCb support their A-mode 1D-wave assignment.

D. Ay - A (2P)h~

There are two A-mode 2P-wave states, |A.2%P;1™)
and [A2%P;37), with masses of ~3.0 GeV accord-
ing to various quark model predictions
[11,19,20,22,23,30,45,47,48,51,53,120-123]. The weak
decays of A, may provide a good opportunity to establish
the 2P-wave A, states. In this work, we study the A, —
A.2P)Th~ (bW =x",p ,K ,K*",D",D*",D;,D}")
processes, and our results are given in Table I'V. It is found
that the A, baryon has large decay rates into both
|A22P,5")n~ and |A,2°P,37)z~ channels. The branching
fraction ratios relative to Az~ can reach up to

B[Ab - |A622P/1%_>7Z'_}
BIA, = Afn]

~0423918  (38)

B[Ab - |A022P1%_>ﬂ_}
BIA, = Afn]

~0.697031, (39)

which are about 3—4 times larger than the central values
predicted in Ref. [95]. There have been few studies of the
A, decaying into the higher 2P-wave A. states before.
More theoretical studies are expected to be carried out in
the future to better understand the A, — A.(2P;)h~
processes.

The A, — |AC22P,1%‘>71‘ process may have been
observed in experiments if the A.(2940)" resonance is
assigned to the |A.2°P;37) as suggested in the
literature [41,46—48]. In 2017, the A, — Ac(2940)+ﬂ'_ —
D°pr~ was observed by the LHCb collaboration [82]. It is
found that the spin-parity quantum numbers of A.(2940)"
tend to be J© =3 /2~. Furthermore, the collaboration
extracted the following branching fraction ratio [82],

BIA, = A.(2940) 77 - B[A.(2940)* — D°p]
BIA, — A.(2880) 7] - B[A.(2880)* — D°p]
~0.837031 £ 0.06. (40)

Considering A,(2940) as the |A.22P,37) assignment, the
branching fraction into the D°p channel is estimated to
be B[A.(2940)* — D°p] ~40% [28,46]. Together with
B[A.(2880)" — D°p| ~ 6.3% extracted in Sec. I1I C, from

BAy=A(2940) " 77)
B[A,—A(2830) T2 ]’
central value, ~0.13, is about one order of magnitude
smaller than our quark model prediction, ~0.923319. Thus,
we will face a challenge if the A.(2940)7 is assigned as a
2P-wave A, state. It should be mentioned that the mass of
the A.(2940)* is about 60-100 MeV lower than the
predictions of various quark models [11,19,22,50], which
indicates it may not be a conventional baryon, but rather a
molecular state as suggested in the literature [56-77].
The A.(2910)" resonance recently observed in the
¥.(2455)%+* 7+ channels at Belle [124] may be assigned
to |A.2°P;i7) as suggested in the literature [47-49,125].
With this assignment, the A.(2910)" resonance should
have a large decay rate into D°p with a branching fraction
of B[A.(2910)* — D°p] ~38% [28,46]. Considering the
A.(2910,2940)" as the 2P-wave doublet, we predict that

Eq. (40) one can extract the ratio

B[A, = A.(2910)"z7] - B[A.(2910)" — D°p]
BIA, — A (2940) 77| - B[A, (2940) " — DVp]

~0.587005.
(41)

This fairly large ratio indicates that with the accumulation
of more A, samples, the LHCb collaboration should
establish the A.(2910)" in the A, — A.(2910)* 7~ —
D®pr~ decay chain in forthcoming experiments as well.

To finally establish the A-mode 2P-wave states and
clarify the nature of the A.(2910)" and A.(2940)"
resonances, more accurate observations of the A, —

A.(2910,2940)* 7~ — D°pr~ processes and the measure-
[Ap=A(2910,2940) 7]
BIA,—AT 7]

expected to be carried out in future experiments.

ments of the relative fraction ratios 2

are

E. Ay — A, (25.3S)h"

The A-mode 2§ and 3 states, denoted by |A,2%5,;4™) and
|A.3%5,5"), belong to the first and second radial excitations
of A, respectively. The masses of the 2.5 and 3 states are
predicted to be ~2.8 and 3.1 GeV, respectively, in quark
models [11,19,20]. In this work, we calculate the branching
fraction ratios of the A, — [A.22S,37)h™, [A32S,31)h™,
processes, and the results are given in Table IV.

The A.(2765)" observed in the Afz~z" final state by
the CLEO collaboration may be a good candidate of the
|A.22S,%) as suggested in the literature [12,49,53,81].
Considering the A.(2765)" as the |A22S,4") state, the
branching ratio between A.(2765)"z~ and Az~ channels
is predicted to be a fairly large value,

B[A, = A.(2765)F77]
BlA, — Afa]

~1.01793. (42)

It should be mentioned that this branching ratio predicted in
this work is about 3 times larger than that of the light-front

014031-9



WANG, CAO, DUAN, and ZHONG

PHYS. REV. D 114, 014031 (2026)

quark model approach [95]. According to our prediction,
the A.(2765)7, as a radial excitation of A/, should have a
large potential to be established by using the decay chain
Ay — A (2765) 7 > (Zg*)++'o7r_’+)7t_ = (Afntn)m.

The high-lying radial excitation [A.32S,4T) is still
missing. It is found that there is a sizeable production rate
for this 3 state via the pionic weak decay of the A, baryon.
Taking the predicted mass M = 3130 MeV [19] for
|A.3%8,4), we have

B[A, = [A3%S,57 )77
BIA, = Afn]

~0.19799. (43)

The production rate of the 3§ state is about 5 times smaller
than that of the 2S state. According to quark model
predictions, the |A.32S;1") dominantly decays into the
D*°p and D**n channels with a comparable branching
fraction, ~45%. To search for the [A3%S,1") state, the
Ay = A(3S)7~ — D*'pr~ decay chain is worth observ-
ing in future experiments.

F. A, — A, (2D, 1F)h-

There are two A-mode 2D-wave states, |A,2>D,;3") and
|A:2°D;3"), and two A-mode 1F-wave states, [A.17F;37)
and |A.17F;37) according to quark model classification.
These states are still missing. In theory, the masses for the 1 F
and 2D-wave A, states are predicted to be ~3.1 and
~3.2 GeV, respectively [11,19,20,45,47,48,51,53]. In this
work, using the predicted masses from Ref. [19] we calculate
the branching fraction ratios of the A, - A.(2D;, 1F;)h~
(h-=zn",p,K,K*,D”,D*",Dy,D;”) processes for
the first time, and our results are given in Table IV.

It is found that both the 1F and 2D-wave A, states have
significant production rates via the pionic nonleptonic
weak decays of A,. The branching ratios relative to Atz
are predicted to be

BlAy > [A22D;3" )]
BIA, = Afn]
BlA, = [A2°D;3")n7]
BIA, = Afn]

~ —0.10
~0.197557,

~ 0.20;%-%11, (44)

BIA, = |AJPF)37 )77 ]
B[Ab - Ajﬂ_]
B[Ab g |A012F1%_>ﬂ'_]
BIA, = Afn]

~ —-0.09
~0.19799,

~ 0267912 (45)

According to the predictions of the OZI-allowed strong
decays of the excited A, states in Ref. [45], the |A,22D;3")
and [A 1%F ,13‘) states have significant decay rates into the
D°p channel with a branching fraction of ~20%—30%.
While the [A2°D;3") and |A.1°F,17) states have signifi-
cant decay rates into the D**p channel with a branching

fraction of ~40%—50%. Thus, the 1F and 2D-wave A,
states are likely to be established in the decays
A, = A.(2D,1F)z~ —» D°pr~,Dpr~.

IV. SUMMARY

In this work, we systematically study the production of
the A, baryon and its excitations via the nonleptonic weak
decays of the A, baryon within a constituent quark model.
The existing branching fractions measured in experiments
for the A, » A.(z~,K~,D~, Dy, D}™) processes can be
well described by theoretical calculations.

Furthermore, we present our predictions of the production
rates of the 2S-, 3S-, 1P-, 2P-, 1D-, 2D-, and 1F-wave A}
excitations in the A, - Ai(z~,p~,K~,K*~,D~,D*", Dy,
D;™) processes. It is found that the excited A baryons have a
large production rate in the A, nonleptonic weak decay
process associated with #~ meson emission. Considering
the A.(2595,2625)% as the 1P-wave A/ states, while
A.(2860,2880)" as the 1D-wave states, the observations
of the A, = A.(2595,2625) 7~ — Afz ztn™ and A, —
A.(2860,2880)* 7~ — D°pr~ decays are consistent with
our quark model predictions as well. However, if we
assign the A,.(2940)" as a 2P-wave A. state, we can-
not explain the A, — A.(2940)* 7z~ — D°pz~ decay rate
observed at LHCb.

To establish the 2P-wave A, states and clarify the nature
of the A.(2910)" and A.(2940)" resonances, more accu-
rate observations of the A, — A.(2910,2940) 7z~ —
D pr~ processes are expected to be carried out in future
experiments.

To establish the 2S-wave A, state and clarify the nature
of the A.(2765)7, the decay chain A, - A.(2765)" 7z~ —
ET 0 S (Afrta ) s to be
observed in future experiments.

To search for the high-lying 3S-, 1F-, and 2D-wave
A, states, the A, — A.(3S)7~ —» D*pz~, and A, —
A.(2D,1F)n~ —» D°pa~,D*pn~ decays are worth
observing in future experiments.

Finally, it should be pointed out that there is a notable
model dependency in the predictions of the A, —
A.(p~, K*7) decays. These processes are also expected
to be observed in future experiments to test different model
predictions.

expected
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