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2P-wave charmed baryons from QCD sum rules
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We conduct an investigation on the 1P- and 2P-wave charmed baryons using the methods of QCD sum
rules and light-cone sum rules within the framework of heavy quark effective theory. Our results suggest
that the A.(2910)", A.(2940)", and E.(3123)" can be well interpreted as the 2P-wave charmed baryons
of J# =1/2 and 3/2-, belonging to the SU(3) flavor 3, representation. Moreover, the =, (3123)*
possesses a partner state characterized by J* = 1/27, denoted as Z.(1/27,2P). Our analysis predicts its

mass and width to be mz (15 2p) — Mz (3123 = —18 £7 MeV and Tz (2p1/5-) = 3173]° MeV, with
mz (3123~ = 3122.9 & 1.3 MeV. We propose to search for it in the E.(1/27,2P) — X K decay channel.

DOI: 10.1103/PhysRevD.109.036032

I. INTRODUCTION

The electromagnetic interaction within the deuterium
atom contributes to its spectral fine structure, as supported
by several studies [1-5]. Similarly, the strong interaction
within the singly heavy baryon, constituted by a heavy
quark and two light quarks orbiting around the relatively
motionless heavy quark, results in the splitting of the hadron
spectroscopy. Hence, this system serves as an excellent
framework for investigating this phenomenon [6—12] and
has attracted significant attentions from both experimental
and theoretical communities.

In recent years, substantial strides have been made in
the field of heavy baryons. Through both experimental
inquiry and theoretical exploration, all ground-state
charmed baryons have been accurately identified [13].
Furthermore, various research collaborations have deter-
mined the spin-parity quantum numbers of the lowest-lying
orbitally excited charmed baryons, namely, A.(2595) [14],
A.(2625) [15], E.(2790) [16], and E.(2815) [17]. Sub-
sequently, several newly discovered excited charmed bary-
ons, such as A, (2765) [18], A.(2860) [19], A.(2880) [18],
A.(2910) [20], A.(2940) [19], E.(2980) [21], E.(3055)
[22], E.(3080) [23], and E.(3123) [22], arising from both
B-decay and ete™ — cC scattering processes, have been
observed by the BABAR, Belle, and LHCb Collaborations.
We extract some experimental measurements as follows:
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(i) In 2006 the BABAR Collaboration observed
two narrow charmed baryons, A.(2880)" and
A.(2940)* [24], in the D°p mass distribution.
Particularly, the LHCb Collaboration subsequently
confirmed the A.(2940) [19], and its decay to
*.(2455)% 2+ was also observed by Belle [25].
Its mass and width were measured to be

A, (2940): M =2939.8 +5.6 + 3.8 MeV,
F=175+52459 MeV; (1)

(i) In 2007 the BABAR Collaboration reported two
charm-strange baryons, Z.(3055)" and E,(3123)*
[22], in the AFK~ 7zt mass distribution, with the
parameters of Z.(3123)" measured as

B.(3123)": M =31229+1.34+0.3 MeV,
IF'=44+34+17 MeV; (2)

(iii) In 2022 the Belle Collaboration discovered a new
structure in the %.(2455)%*z* spectrum with a
significance of 4.2¢ [20]. This state is tentatively
named A.(2910)*. Its mass and width were mea-
sured to be

A.(2910)°: M =2913.8 5.6 + 3.8 MeV,
I'=51.8£20.0+18.8 MeV. (3)
The Particle Data Group (PDG) have assigned accurate
JP values to the A.(2860)(3/2%), A.(2880)(5/2F),
A.(2940)(3/27), and E.(2980)(1/2"), while the proper-

ties of A,(2765), A.(2910), E,.(3055), E.(3080), and
E.(3123) remain uncertain. A rough estimation of their
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TABLE 1. The experimental information of A, and E. baryons. Their masses and decay widths (in units of MeV) are taken from PDG
[13]. The mass differences between the A, and E. baryons are listed in the last column.

Baryons Jr Mass Width Baryons Jr Mass Width AM
A(2286)F  1/2F 228646 £0.14 B.(2468)°  1/2%  2470.8870% - 184.42703]
A (2595)* 1/2- 2592.25 £0.28 26+0.6 E.(2790)° 1/2- 2791.8 £33 10.0 £ 1.1 199.6 +£3.3
A.(2625)" 3/2° 2628.11 £0.19 <0.97 =.(2815)° 3/2- 2819.6 £ 1.2 25£02 191.5+1.2
A (2765)" 7’ 2766.6 £2.4 50 Z.(2980)° 1/2+ 2968.0 £2.6 20+7 201.4+3.5
A.(2860)" 3/2% 2856.1723 67.65,% E.(3055)*" 7’ 30542+ 1.3 17+ 13 198.1128
A.(2880)" 5/2% 2881.53 £0.35 5.8=£1.1 Z.(3080)° 7’ 30799+ 14 56£22 1984+ 1.4
A.(2940)* 3/2° 2939.331‘;‘ 2()36 E.(3123)F 7 31229+ 1.3 4+4 183.63_’8

possible spin-parity values can be made based on the mass
discrepancy between the E. baryons and their correspond-
ing A, baryons. Table I presents all the A, and Z. baryons
recorded in PDG, with the final column indicating an
approximate mass difference of 200 MeV between E. and A,
baryons. Hence, it is logical to assign J* = 1/2F, 3/27,
5/2%, and 3/27 to the A.(2765), E.(3055), E.(3080),
and E.(3123) baryons, respectively. Considering that the
A.(2910) recently observed by Belle likely corresponds to a
companion state of A.(2940), it follows that there may also
exist a corresponding missing companion state of =.(3123).

The singly charmed baryon system has attracted numer-
ous experimentalists and theorists to study them. However,
it remains a challenging issue to fully comprehend their
internal structures. Various theoretical methods and models
have been applied in this field, including various quark
models [26-41], the chiral perturbation theory [42-47], the
chiral effective field theory [48-50], various molecular
interpretations [51-57], the Regge trajectory [35,58], the
3P, model [59-61], the relativistic flux tube model [62,63],
QCD sum rules [64-73], and the lattice QCD [74-77]c.
Their production and decay properties have been exten-
sively studied in Refs. [59,60,78,79], and various reviews
[80-84] provide insights into the recent progress.

The higher states A.(2910)" and A.(2940)* among the
A, family have sparked considerable interest among
theorists due to certain perplexing issues. The quantum
number J¥ = 3/27 is favored for A,(2940)* according
to the LHCb result, while its mass is roughly 60 MeV
smaller than the expected A.(3/27,2P) state in the quark
models [35,36,63]. Furthermore, the mass of its partner
state A.(1/27,2P) is only slightly lighter than that of
A.(3/27,2P), suggesting that their masses are expected to
exceed 3 GeV. Alternative interpretations of A,(2940)"
could involve the introduction of the D*N channel con-
tribution, as proposed in Refs. [41,57]. These studies
propose that the A.(2940)" is probably the isoscalar
D*N molecule encompassing both spin-% and spin—% struc-
tures. However, the higher mass of the A.(1/27) state leads
to a mass inversion. Consequently, it is crucial to verify
the quantum numbers of A.(2910) and A.(2940) through
further experimental measurements and theoretical research.

In the present study we primarily focus on the analyses of
the mass spectral and decay properties of the A.(2910),
A.(2940), and E.(3123) charmed baryons using the QCD
sum rules and light-cone sum rules within the heavy quark
effective theory (HQET) framework. We examine their
S-and D-wave decays into the ground-state charmed baryons
with light pseudoscalar or vector mesons, and calculate the
relevant partial widths. The results obtained further support
the identification of A.(2910), A.(2940), and E.(3123) as
2P-wave charmed baryons of the SU(3) flavor 3.
Furthermore, based on our previous work [85], we desig-
nated the A.(2595), A.(2625), E.(2790), and E.(2815) as
the 1P-wave charmed baryons. Considering that the P-wave
interpolating currents derived from Ref. [86] can couple into
both 1P- and 2P-wave states, it is reasonable to regard the
A.(2910), A.(2940), and E.(3123) as the first radial excited
states of the A.(2595), A.(2625), and E.(2815). Addi-
tionally, it is noteworthy that a 2 P-wave charmed baryon, the
partner state of the E.(3123), remains undiscovered. In this
paper we shall calculate its mass and decay properties.

This paper is organized as follows. In Sec. II we briefly
introduce our notations and apply the QCD sum rule method
to calculate the masses of A.(2910), A.(2940), and
E.(3123) as 2P-wave charmed baryons of the SU(3) flavor
3. The obtained parameters are further used to study their
decay properties through the light-cone sum rule method in
Sec. III. In Sec. IV we discuss the results and conclude
this paper.

II. MASS ANALYSES FROM QCD SUM RULES

A charmed baryon consists of a heavy charm quark and
two light up/down/strange quarks. Its internal structure
encompasses various properties, such as the color, flavor,
spin, and orbital degrees of freedom. Notably, the orbital
excitation of a P-wave charmed baryon can occur between
the charmed quark and the light quarks, and it can also
occur within the two light quarks. The former is known as
the A-mode excitation, characterized by /; = 1 and [, = 0,
while the latter is termed as the p-mode excitation with
I =0and [, = 1, as depicted in Fig. 1. When investigating
the singly charmed baryon, it is crucial to consider the
properties of the two light up/down/strange quarks:
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5,=0 (A)—> 65 (S) —> j;=1:

Zi(s.3) Eg(i.2) Qqg(z.3) [65,1,0.0]

L,=1(A) , - L -
l:_]: 0 ® J1= 0: AQQ(E ) ':'QQ( 2 ) [3F,0,1ap]
5210 =3 A &> =1 Ag(3.3) Eq(4.1) [Br.1.10]
3cA) G172 Agp(3.5) Egu(§.1) [Br.2.1,0]
5,=0(A)—>3p(A)—> j;=1: Mg (1,3) Eq(4,3) [35.1,0,4]

,=0(S . - = 1- i-

lj=1( )® Ji=0: Zgo(2) Eql(z) Qo) [65.0,1,4]
5;=1(8) —> 6 (S) Ji=lZq(5,38) Eg(3,3) Qqg:,3) [65,1,1,4]
j/ =2: z:Qz( 3, %7) Edz( 3,5 QQz( 3, %7) [6F5251J~]
FIG. 1.
(i) Their color structure is antisymmetric (3C).
(i) Their flavor structure is either symmetric (65) or
antisymmetric (3z).
(iii) Their spin structure is either symmetric (s; = 1) or
antisymmetric (s; = 0).
(iv) Their orbital structure is either symmetric (4-mode)

or antisymmetric (p-mode).

Applying the Pauli principle to the two light quarks, we
can categorize the P-wave charmed baryons into eight
multiplets, denoted as [F (flavor), j;, s, p/A]. In this notation
Ji =1, ® 1, ® s, represents the total angular momentum of
the light components. Each multiplet encompasses one or
two baryons with the total angular momenta given by
Jj=J1 ®s.=1j; £ 1/2|. Within the framework of QCD
sum rules, we can construct the corresponding interpolating
currents Jj‘,,;";[”j /2> Which couple to the charmed baryons
belonging to the [F, j;, s;, p/A] multiplet through

ap-a._|

j7P7F?jl7S17p//1> :fF,j,,sl,p/ﬁu 2,

aq --~(ll._%
<0|JJ»P~F-11-51~P//1
with fr ; o/ the decay constant.

As shown in Fig. 1, there are four multiplets belonging to
the SU(3) flavor 3 representation. In this work we assume
that the A.(2910), A.(2940), and E.(3123) are the 2P-
wave charmed baryons of J” =1/2 and J* =3/2"
belonging to the [3,1,1,p] doublet. Accordingly, we
use the following currents to study them [86]:

T de11,p = €anc([DFqTICreq" — q“TCri D} qP]) o I,

(4)
J;l/Z,—faF,l,l,p
= ieae((Dfq™ICriq" — ¢ Cri[Df "))
X <g§"‘ﬁ vs = Girirs — %y?}"i rirs + %7?7/? vt 75) hs.
(5)

Here, a - - - ¢ represent color indices, C denotes the charge-
conjugation operator, D) = D¥ — v - Dv#, y¥ = y* — vat,

P-wave heavy baryons belonging to the SU(3) flavor 3 representation.

and g’,’ﬂ = ¢’/ — v*v”. The covariant derivative operator has
been explicitly added to these currents.

A. The sum rules at the leading order (my — o)

In this study we assume that the current J; , _3, |,
couple into both the 1P-wave charmed baryons
A (1/27,1P) and E.(1/27,1P) as well as the 2P-wave
excitations A.(1/27,2P) and E.(1/27,2P). Similarly, the
current J3,, 3 ;,, can also couple into both 1P- and
2P-wave charmed baryons with J© = 3/27. If the two light
quarks inside a charmed baryon are the up and down
quarks, the currents are associated with the A,; if one of the
two light quarks is a strange quark, the currents correspond
to the E.. Then, the relation between the state and the
relevant interpolating field is

can

<0|J1/2,—,3F,1,1,p(x)|AC(1/2_’ 1P/2P))

= f/\L.(l/Z‘.lP/ZP)”(x)’ (6)
(O 12~ 30,11, (¥)|Ec(1/27, 1P/2P))
= fz,(1/2-1p/2p)U(X), (7)
(O35 -3,.1.1,(X)|A(3/27, 1P/2P))
= fa.3/2-1p/2p) U (X), (8)
<0‘J3/2,—,3F,1,1,/J('x)|EC(3/2_7 1P/2P))
= f=,(3/2-.1p/2p) U (%), )
fE(.(%‘.lP/ZP)’ fA(.(%‘,IP/ZP)’ and

where fAL,(%‘.lP/zP)’
fz.@1p/2p) are the decay constants, and u(x) and u(x)
denote the Dirac and Rarita-Schwinger spinors. These
currents can be used to construct the two-point correlation
function:
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ay-a=j=1/2.p1.Bj-1/2
JPFj11.p/h (@)

/ [ 2y a—j—1/2 =B P12
— l/d4xelkX <O|T[J;,IP,I(V,j,J,s,,;/)//l(X)Jj,]P,F.;'l,];].p/i(0)]|0>

P L+
= S[Q?Im o 'g?j 1 1/2} Tnj,P.F,j,.s,,p//l(w)v (10)

where @ = v - k is external off-shell energy and S denotes
symmetrization and subtracting the trace terms in the sets
(-~ aj_1p) and (By -+ Bi_y)2)-

We employ the four distinct currents for QCD sum rule
analyses: Jij2-3e10p0 J32-3p11p J1/2-361000 and
J3/2- 3,104 As an illustration of our methodology, we
choose the current J, , _3, |, to elucidate how to extract
the masses of A.(37,1P) and A.(37,2P). We can write
Eq. (10) at the hadron level as

Hl/2,—,3F.1,1.p(w’ ')

2

2
Sagap Saiar)

- + higher states.  (11)
AAL.(%‘,IP) - AAE(%‘,2P) -

In this equation /_\Ac(%‘.l ppopy 1s defined to be

AA[(%‘,]P/QP) = limm(—wo(mAC(l/Z’_lP/zP) —m,). To depress

the influence of higher-order power, a Borel transformation

is performed as

A, g T
— _ 2 cl )

M gpaap =M game " d-ar)

-A T

/\‘l_ZP/
—i—fi(%_ﬂ,)e 2R (12)

At the quark-gluon level Eq. (10) can be calculated by
the method of operator product expansion (OPE). We first
insert Eq (4) into Eq. (10), and then perform the Borel
transformation:

H1/2,—,3F,1,1,p<a)/cv T)

o8 7 2 3
:/ — 3w4_<g“GGZa) o
0 357 487
_(9,0Gq)(qq) (9:90Gq){9;90Gq)
4 64T
o, 30’ ’GG)w?
—/ /T a)4_(gs ia) dw
0 357 487
_(9,40Gq)(qq) (9:90Gq){9;40Gq)
4 64T

o _, (30" (g?GG)a’
—0 _ S d
* L “ <35n4 ast )
= HA(.(%_,IP)(CUC’ T) + HAC(%‘,ZP)(wm o, T). (13)

Finally, we differentiate Egs. (11) and (13) with respect to
(=1/T) to obtain Ay - 1pppy and f 1= 1p/2p):

Ruspam = S (14
o Iy @ 1p)
fAC({,lP) = \/HAC(%JP)E/_\A“%_'IPJ/Tv (15)
Anrop) = ﬁgir(l—l/\;;)zp) (16)
e
f A(-2pP) = \/ Iy, (- 2p) eAA"(%_'ZP)/T- (17)

Quark and gluon condensates, in fact, serve as tangible
manifestations of the distinctive nature of QCD vacuum
properties in contrast to the perturbative vacuum. The
QCD physical vacuum is wholly shaped by nonperturba-
tive interactions, consistently interacting with quarks and
gluons, thus exerting influence on the propagation of these
particles. This vacuum interaction with quarks or gluons
entails zero momentum transfer and manifests large-
distance behavior, defined by a scale denoted as Agcp.
The reliability of vacuum condensates, up to dimension five
(D =5), is firmly anchored in empirical observations.
Regarding dimension six (D = 6) three-gluon condensate,
a correlation can be established with dimension four
(D = 4) two-gluon condensate within the diluted instanton
gas model. Higher-dimensional condensates can be dedu-
ced by amalgamating fundamental dimension condensates,
albeit with a subsequent escalation in numerical uncer-
tainty. To ensure result reliability, the OPE must confirm
the predominance of contributions up to D = 6, relegating
those beyond to minor corrections. Undoubtedly, the
discussion about the convergence of the OPE emphasizes
its crucial significance. In the calculations we work at the
renormalization scale of 1 GeV and use the condensates and
other parameters with the following values [87-93]:

(gq) = —(0.24 £0.01 GeV)?,
(5s) = (0.8 £0.1) x (gq).
(9,q0Gq) = MG x (qq).
(9s56Gs) = M3 x (5s),
M?% = 0.8 GeV?,
(?GG) = (0.48 £ 0.14) GeV*,

m, = 1.275 £ 0.035 GeV,
m, = 12877 MeV. (18)

Equations (14)—(17) imply that the mass and decay
constant depend on three free parameters: the threshold
values @, and /. as well as the Borel mass 7. There are
three criteria to restrict these three parameters: (a) the
convergence (CVG) of OPE requires that the high-order
power corrections (D = 8 and D = 10) are less than 10%;
(b) we require the pole contribution (PC) of OPE to be
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30 — 30 50 T 50 50 T 50
40t 40
3o} . 30

f - 0 0 : HEH 0
0.2 0.22 0.24 0.264 0.28 0.30 0.2 0.22 0.24 0.264 0.28 0.30 0.2 0.22 0.24 0.264 0.28 0.30
Borel Mass [GeV] Borel Mass [GeV] Borel Mass [GeV]

(a) (b) (c)

FIG. 2. Variations of CVG (left), PC' (middle), and PC (right), as defined in Eqgs. (19)—(21), with respect to Borel mass T, when
J1/2-3p.1,1, 18 adopted. In the middle panel the short-dashed, solid, and long-dashed curves are obtained by fixing . = 1.47 GeV,

1.57 GeV, and 1.67 GeV, respectively. In the right panel the short-dashed, solid, and long-dashed curves are gained by setting
w. = 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively.

larger than 15% and 30% with respect to the thresholds w,
and w/,, respectively; and (c) the mass dependence on these PC
three parameters is sufficiently stable:

/ — Hl/z.—.jF,l,l,p(a)C’ T)
)5 3p00,(00. T

> 15%, (1)

bigh-order ) where Hllli/gzh:ojr:elr 1,(T) is used to denote the high-order
CVG = 1/2=3p LLp < 10%, (19)  power corrections
Hl/z,—,SF,l,l,p(oo» T) _ _ _ _
high—order (T) _ <gsq0GQ> <61q> _ <QSQGGQ> (ngO'Gq>
, 1/2,=3p.L1p\" /T 4 6472
My 500(@T)
PC = > 30%, (20) (22)
s 3,110, T
3.0 30 3.0 30

0 . kL . . 0 0 . i i i . . 0
0.24 0.25 0.264 0.28 0.29 0.30 0.8 1.0 11 12 13 14 1.6 1.8
Borel Mass [GeV] Threshold w, [GeV]
(a) (b)
3.0 B 3.0 3.0 1 0 ] 3.0
2.5¢ P 125 2.5 {25
3 L = S
& 20f Pt 12.0 G 20 : 2.0
& ] §
< 1.0t P {1.0 S
1< E 1< S
0.5¢ e 105 0.5¢ ] los
0 : - ‘ ‘ 0 0 s R ‘ 0
0.24 0.25 0.264 0.28 0.29 0.30 1.0 1.2 147157167 18 2.0
Borel Mass [GeV] Threshold w], [GeV]
(c) (d)

FIG. 3. Variations of [\/\f(l .11, With respect to (a) the Borel mass 7" and (b) the threshold value w,, as well as variations of
A, (2p).1.1,, With respect to (¢) the Borel mass 7" and (d) the threshold value w!,, when J, /2= 3p 11 is adopted. In (a) the short-dashed,
solid, and long-dashed curves are obtained by fixing w. = 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed,
solid, and long-dashed curves are obtained by fixing w). = 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-
dashed, solid, and long-dashed curves are gained by setting 7 = 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.
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We determine a Borel window T,;, < T < T With
fixed values of ) and w,.. These parameters, ) and @,
are two independent variables setting at 1.57 GeV and
1.20 GeV, respectively, in order to accurately accommodate
the masses of A.(1/27,1P) and A.(1/27,2P). In this
study we derive an interval of 0.260 GeV <T <
0.266 GeV for w). = 1.57 GeV and w, = 1.20 GeV.

To provide a clear visualization, we show the variations
of CVG, PC’, and PC with respect to the Borel mass 7 in
Fig. 2. Additionally, the fluctuations of A A (4-1p) and

/_\,\C(%_.ZP) are exhibited with respect to T, w,., and @, in
Fig. 3. We find that these curves remain sufficiently
stable inside the regions 0.260 GeV < T < 0.266 GeV,
1.10 GeV < w. < 1.30 GeV, and 147 GeV <wl. <
1.67 GeV, where the associated numerical results are
obtained:

Apg-ap) = 1224006 GeV, (23)
Faip) = 0.043 £ 0.008 GeV*, (24)
Ap - op) = 140 £0.07 GeV, (25)
Faap) = 0.057 £0.016 GeV*. (26)

(fAE(;JP) + 5fA(({,1P))2

B. The sum rules at the O(1/mg) order

In this subsection we perform analysis at the O(1/m,)
order. To do this we utilize the following Lagrangian of
HQET:

- 1 1
In this Lagrangian we designate K to represent the operator
of nonrelativistic kinetic energy,

K= Ei:(iDt)zhv’ (28)

and use S to denote the Pauli term describing the
chromomagnetic interaction,

9 A v
S = 5 Cmﬁg(mQ/ﬂ>h1)o-ﬂbG# h’pa (29)
where Cpe(Mg/u) = [ay(mg)/as(u)]*/Po and fy = 11—

The two pole terms arise at the O(1/m) order when we
perform the Taylor expansion for Eq. (11), with ém, - 1p)s

omp (1-op)s Of 5 1-1p)» and 8fp (- ,p) Tepresenting the
corrections o my - 1p), My (- 2p)» f A .1P) and

fa. - 2p)» Tespectively:

(f A (- 2p) T 6f /\C({,zp))2

H(a)’ a)l)pole iy

c

Ap - ap) +0my (1= 1p) — @ /_\AL.(%‘QP) +omy (- 2p) — @

/

AAL.(%‘,IP) -—w

2 2
Faaap) omy,a-ap)fp 1 1p) N 2f . @-ap)Of A - 1p)
(A/\C(%‘,IP) - o)

? Apgap — @

2 2
f Ay2p) 5mA((%T2P>f A.(2P) 2f AC(%‘,ZP)éf A (3 .2P) (30)
Apgory =@ (Mp-op) — @) Apgopy =@
where om, - ;py and dm, - ,py can be calculated through the following three-point correlation functions:
Acz.1P) Ac(3.2P)
BT i e P — [ dbxdtye s O T 502 () OOM T L (3)]10)
Oy PFjsipli T ! rdye i.PFjisip/ 2\ K JiPFojisip) i\
o Bl tw
= S[g g  EST (31)
with O = K or S.
We can write Eq. (31) at the hadron level as
2 2
S fAL(",lP)KAz(%_ 1P) Al 2P)K/\(-(%_ 2P)
K — — — —
(Ap,@-1p) = @) (Ap g-1p) — @) (A g 2p) = @2) (A - 2p) — @5)
L Fag-1p)fa (%‘,QP)K;\C(%—) L Iag-anfag-an K ) N 32)
/ 9
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de (1P Z/\((%'JP) duf i.(i-,zP)Z/\zr(%’QP)
5sTT = — R 22 ,
(Ar, 1) — wl)(AAC({,lP) —wy)  (Ap g-2p) — 2)(Ay - 2p) — @))
dufa - apfa g 2mZ) - dyfa i op) o 1pZ)y -
b AN AN WAGARIAGEITAG) (33)

(Ap,@-1p) = @1) (Ap - 2p) = @5) (A - 2p) = @2) (A - 1p) — @)

Where KAF(%_lp/ZP)’ Ki\c(%_), ZA[(%_,IP/Q,P)’ and 2;\((%_)

sandwiched between the A.(37, IP/2P) states:

are the matrix elements formed from the operators K and S

<<Ac( P)IKIAG.1P)) (A5 1P)IKIA (5 2P)> (KM n K ) (34)
(MG 2P)KIAGG.1P))  (Ac(57.2P)IKIA.(5™.2P) Koo Kagon)
(MG IP)ISIA(GG.1P)) (A5, 1P)ISIA(G.2P) duZaap) AuEy 1) (35)
2RISR (G 2PsIAG2p) ) T M\ o duEaan )
I
‘ivg;re dy =djj, dj1pj,=2j1+2, and djyp = om = == (K + dj Cg ). (36)
During the computations, it is observed that the non- _
diagonal elements are not equal to zero. The ratio of the m=mc+ N+ om, (37)

?rgzilf golrga(;o elfe(:)r?e|rl1{ts o t;l}c( dlagonz|11 zrllzm;&t; tl S;E)p(z r(;z; where m, is the charmed quark mass in the MS scheme, A
y () T AG2P) is the sum rule result at the leading order, and 6m is the sum
|dMZ;\(_(%—)/ dyZ, (- op)|- This observation suggests that  ryle result at the O(1/ mg) order.
the nondiagonal elements exert a comparatively minor We can also calculate Eq. (31) at the quark-gluon level
influence on the mass compared to the diagonal elements. ~ using the method of OPE. After inserting Eqs. (4), (28), and
Therefore, the contribution of nondiagonal elements canbe  (29) into Eq. (31) and making a double Borel transformation
considered negligible. We note that the term S can inducea  for w;, @/, w,, and @), we obtain the four Borel parameters
mass splitting within the same doublet, and thus, one can Ty, T, T3, and 4. We choose Ty =T, = T3 = T4 = 2T,
obtain the masses of A.(}7/37, 1P/2P) through the follow- ~ and obtain the following sum rules for K, - p/p)

ing expressions: and Xy (- 1p/2p):
Ay e /T Ay - p _AAC<1‘.1PJf5Af<l-.2P>

ff\(_(%‘,lP)K/\c(%_,lP)e c(z71P) + ff\(_(%‘QP)KAc(%_*zP)e ez ) + 2fA % )fAc(%_eZP)KZ\C(%—)e 2 ) 2
_ / vl 80’  NGGG@| ;. (9:40G4)(9:40Gq) _(39){959G4)(0:GG) _(9:49G4)(9:40Gq)(9:GG)

0 10574 2407 16 25677 409674
_ / o[ 80’  NRGCG)@| ;. (9:49G4)(9:40Gq) _(29)(9:40Ga)(9:GG)

0 10574 2407 16 25672

_ (9,G0Gq){9,49Gq)(9:GG) / w80 | HGCG)]
409674 o, 10574 2407

= SICHAC(%‘JP)((UC’ T)+ 5KHAL,(%‘.2P) (@, @, T), (38)

2 “Aredgran/T —/_\A a-2p)/T Melh=am) Macd-2p)
f,\c(%—’lp)dMZAr({,lP)e 2 +f dMZA [(-op€ + 2fA -1p) fA - 2P) dMZ Ah ) 2T

o [3(g}GG)w’| _,
= [ e
0 T

o. [3(?GG)w’ o, [3(?GG) @’
— s —(u/Td s —a)/Td
A [ 2o ¢ 4T L 2ot ¢ 4

= 0TIy (- 1p) (@c, T) + 8511y 1= op) (@, 0, T), (39)
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FIG. 4. Variations of K _(1p)1.1,, With respect to (a) the Borel mass 7 and (b) the threshold value .. as well as variations of K 2p) 1.1,
with respect to (c) the Borel mass 7" and (d) the threshold value ., when J; , _3_; | , is adopted. In (a) the short-dashed, solid, and long-
dashed curves are obtained by fixing w, = 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed, solid, and long-
dashed curves are obtained by fixing w). = 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-dashed, solid, and
long-dashed curves are gained by setting 7 = 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.

where K - 1), Kp (- 2p)> Sp,1-.1p)> and Sy - 5p) can be extracted as

Oy - 1p) 0TIy - 1p)
Ky -1p=—"2—, dyZy 1o 1p) = ———2%, 40
Acd1p) My o p) M2, (4 1P) My 1r) (40)
Wty 4= 2p) A A
K B P = (Apaap)  Aa o) Ok 1 2p) Al
Ac-2P) — I A A ) ( )
atg2n) P am) = Angar)
WM, -y = _
T —5r— = (Angam) + Aag2m)3sTIn - 2p)
dMZAE({,zp) = X - (42)
I, (-.2pP) (AAC (-2p) ~ A, (%—,1}’))
Their variations are depicted in Figs. 4 and 5 with respect .
to the Borel mass T as well as the threshold values @, and Knop) = 72014035 GeV, (45)
w'.. We find that their dependence on T, w,., and /. remains
weak in the working regions 0.260 GeV < T <0.266 GeV, dMZAC(;,zp) =0.06 £0.02 GeV. (46)

1.10 GeV < w. < 1.30 GeV, and 147 GeV < w. <

1.67 GeV, where the corresponding numerical results

Finally, we can obtain the masses of A.(}7/37, 1P/2P)
are obtained:

belonging to the [3;,1, 1, p] doublet:

Ky @-1p) = —0.69 £ 0.10 GeV, (43) my - 1p) = 2.61 £0.07 GeV, (47)

dyZ g-1p) = 0.08 4 0.03 GeV, (44) My - 1p) = 2.63 £0.07 GeV, (48)
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FIG.5. Variations of £ py .1, With respect to (a) the Borel mass 7" and (b) the threshold value o, as well as variations of X, (1p) 1.1,
with respect to (c) the Borel mass 7" and (d) the threshold value @/., when J, /2= 3p 11 is adopted. In (a) the short-dashed, solid, and long-
dashed curves are obtained by fixing w, = 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed, solid, and long-
dashed curves are obtained by fixing w). = 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-dashed, solid, and
long-dashed curves are gained by setting 7 = 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.

My G-1p) = Mp (- 1p) = 24 £9 MeV, (49)

My (1= 2p) = 3.05+0.12 GeV, (50)

M (3= op) = 3.07£0.11 GeV, (51)

Mp (3 2p) = M, (- op) = 18 £7 MeV. (52)

In Fig. 6 we present the variations of my (ip);1, and

My (2p).1.1, With respect to T, @, and wy. It is noteworthy
that there exist significant theoretical uncertainties in our

results for the masses of the charmed baryons, but their
differences within the same doublet are determined with less
uncertainty since they do not depend much on the charm
quark mass.

The results obtained are summarized in Table II.
We utilize the charmed baryons belonging to the

[37.1,1,p] doublet to fit the A.(2595)(JF =1~ 1P),
A (2625)(JP=371P), A.(2910)(JP =17.2P), A (2940)x
(JP =3.2P), E.(2790)(JF =1",1P), E.(2815)x
(JF =37,1P), and E.(3123)(J* =37,2P). Within our

35 — 35
S 32 i 32
() i
8 !

229 ¢ 2.9
: :

§ 2.6 .

3 —
s 23 .

— My 2m)
20

S S
[0 [0
o, o,
a a
& &
o o
a a
s s 23
2.0 Lo 20 20——i
0.24 025 0.264 028 029 0.30 10 1.1 12 13 14
Borel Mass [GeV]
(a) (b)

Threshold w, [GeV]

I S ,
1.47 157167 1.8
Threshold w;, [GeV]

(©)

1.6

FIG. 6. Variations of m _(1p).1,1, and my_(p) 1.1, With respect to (a) the Borel mass T as well as the threshold values (b) @, and (c) .,

calculated using the charmed baryon doublet [A., 3, 1, 1, p]. The blue, orange, green, and red curves represent the mass functions of
A3 1P), A(37.1P), A(37.2P), and A.(37,2P), respectively. The curves in the left panel are obtained by fixing w, = 1.20 GeV
and w] = 1.57 GeV, respectively. The curves in the middle panel are obtained by fixing 7 = 0.264 GeV and w! = 1.47 GeV,
respectively. The curves in the right panel are gained by setting 7 = 0.264 GeV and w, = 1.20 GeV, respectively.

036032-9



HUI-MIN YANG and HUA-XING CHEN

PHYS. REV. D 109, 036032 (2024)

TABLEII.

Parameters of the 1P- and 2P-wave charmed baryons belonging to the [3 r, 1, 1, p] doublets, calculated using the method of

QCD sum rules within the framework of heavy quark effective theory. Decay constants in the last column satisfy fz: = f=o.

B o, [GeV] Working region [GeV] A [GeV] Baryon (j©) Mass [GeV] Difference [MeV] Decay constant [GeV*]
A (1P) 1.20 0260 < T <0266 1.22+£0.06 A.(1/27) 2.61+£0.07 24+9 0.043 :I:OOOS(A*(I/Z )
A.(3/27)  2.63+0.07 0.020 + 0.004(Af(3/27))
E.(LP) 1.45 0248 <T <0257 1434+0.13 E.(1/27) 2.78+0.14 29+ 10 0.069 + 0.023(Z2%(1/27))
E.(3/27) 2.81£0.14 0.033 £ 0.011(Z2(3/27))
A.(2P) 1.57 0260 <T <0266 140+0.07 A, (1/27) 3.05+0.12 18+7 0.057 £ 0.016(Af(1/27))
A.(3/27) 3.07+£0.11 0.027 £ 0.007(AfF(3/27))
E.(2P) 1.60 02483 <T <0257 1534007 E.(1/27) 3.16+0.12 18+7 0.048 £+ 0.026(Ef (1/27))
E.(3/27) 3.18+0.12 0.022 £ 0.012(Ef(3/27))

QCD sum rule framework, the mass spectra of 1P-wave
charmed baryons are consistent with the experimental
measurements, while the mass spectra of 2P-wave charmed
baryons are higher than experimental measurements, which
align with the results in quark models. Apart from the mass
spectra, we also need to analyze their decay properties. The
decay constant f is an important input parameter, which
will be used to study the decay widths of A (5~/ %‘, 1P/2P)
and E.(§7/37, 1P/2P) in the next section. For complete-
ness, we have also investigated the 1P- and 2P-wave
charmed baryons belonging to the 3, 1,0, 1] doublet using
the following interpolating currents:

J1 2= 3100 = €ane (DY q"TICrsq” + ¢ Cys[Df ¢")) v yshs.

The obtained results are summarized in Appendix. We find
that the p-mode doublet [3, 1, 1, p] appears to be lower than
the A-mode doublet [3z, 1,0, 4]. This behavior aligns with
our previous QCD sum rule results for their corresponding
doublets of the SU(3) flavor 6 [94-96], but contradicts the
expectation from the quark model [97,98]. However, this
discrepancy could be attributed to the significant uncertain-
ties associated with the mass difference between different
multiplets within our QCD sum rule framework.

III. DECAY ANALYSES FROM LIGHT-CONE
SUM RULES

In this section we investigate the decay properties of
A.(1P/2P) and E.(1P/2P) belonging to the [3;,1,1,p]

(33) doublet. To achieve this we apply the light-cone sum rule
» o b\ T b method to study their S- and D-wave decays into the
32~ 3p.1.0 = ieare([Prq*"1Crsq” + 4*' Crs[Diq"]) ground-state charmed baryons and light pseudoscalar/
au 1 AT vector mesons. The relevant decay channels include the

X\ G: 3]/; v | hoe (54) following:
(al)T[A[1/27,1P/2P] = A, + z] = T[AF[1/27,1P/2P] = A} + 7°], (55)

(a2)T[A[1/27,1P] > 5. + 7]

=T[Af[1/27,1P] = =F + 29

+2xTCAf[1/27,1P] 5 2T+ 72~ > Af + 727 + 77,

>t b s> A+t 477,

(a3)T[A[1/2—.2P] - 3, + 7] = 3 x [[A[1/2—.2P] - =+ + 7).

(a4)TA[1/27 1P| > i + 7 — A, + 7+ 7] = 3 x T[AF[1/27, 1P]

(a5)T[A[1/27.2P] > St + 7] = 3 x T[AS[1/27,2P] » S5+ + 77,

(a6)T[A[1/27. 1P/2P] = A+ p — Ao + 7+ 7] = T[AF[1/27,1P/2P] — A} + 7+ + 7],
(@) TAJ1/27,1P/2P] = 2. +p = X, +w+x) =3 x[[AL[1/27,1P/2P| - Zf + 7t + 7],
(a8)T[A[1/27 . 1P/2P] > i + p — St + n+ 7] = 3 x [[A}F[1/27, 1P/2P] - =i + 2t + 17,

036032-10
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(b1)T[A[3/27,1P/2P] -

(b2)T[A3/27 1P| > S 47— A+ 7+ 7] =3 xTIAF[3/27.1P] - S5 + 7= > A+t + 17,

Ao + 7] =TAL3/27] - AL + 1),

(b3)T[A,[3/27,2P] = 3, + 1] = 3 x T[Af[3/27,2P] —» =+ + a7,

(BOT[A[3/27 1P| > St 47— A+ 7+ 7] =3 xT[AL[3/27.1P] - S 477 > A +ntn],

(bS)T[A[3/27,2P] = 3¢ + 7] = 3 x T[AF[3/27.2P] > S+ + 77,

(b6)T[A[3/27. 1P/2P] = A, + p — A, + 1+ 7] = T[AF[3/27, 1PJ2P] — Af + n* + 7],
(bT)T[A[3/27,1P/2P| - 2. +p - . +n+ 7] =3 x[A[3/27,1P/2P] - Zf +n" + 77},

(b8)T[AJ3/27,1P/2P] = i+ p — Tt + 7w+ 7] = 3 x [[A%[3/27, 1P/2P] — it + at + 7],

(c)T[E[1/27,1P] » A, + K] = T[E%[1/27,1P] » A} + K],

(2)T[E.[1/27.1P] = E, + 2] = % x T[E[1/27,1P] — & + 7],

(e3)T[B.[1/27.1P] - =, + K] =3 x [[E%[1/27,1P] —» =F + K7,

3
(c4)T[E[1/27,1P] - E. 4+ 7] = 7 % [[E21/27,1P] - B +77],

(c5)L[E.[1/27,1P) - i + K] =3 x [[E0[1/27,1P] - =it + K7,

9
(cO)TE[1/27 1P| > Ei 4+ w — B +a+a] =5 xTEN1/27 1P > B o~ > Bl +20 a7,

(T T[E[1/27 1P] = A, + K* = A, + K + 1] = 3x T[E[1/27, 1P] = A} + K~ + 2],

3
(c8)T[E[1/27,1P) > E. +p>E. +rn+1] = 3 X [[E1/27,1P] - Ef +2° + 7],

(T[E[1/27,1P] > Zi+ K* - i+ K + 7] =9 x T[E[1/27,1P] - =it + K~ + 77,

(c10)T[E.[1/27,1P] - E:

(c11)T[E,[1/27,2P] - A,

(c12)T[E,[1/27,2P] - E,

(c13)T[E,[1/27,2P] > %,

(c14)T[E,[1/27,2P] - E.

(c15)T[E.[1/27,2P] > =&

(c16)T[E,[1/27,2P] > E;

3
+p—>E§—|—ﬂ+ﬂ]ZEXF[EQ[I/Z‘,IP} - Bt + 2%+ 7],
+ K] =T[Ef[1/27,2P] —» A} + K],

3. e - =0
+ 7] :EXF[:j[l/Z ,2P] - Bd + '],
3 _ _
+K]:§><F[zj'[1/2 ,2P] = Tt + K7,
3 — — =0
+ 7] :EXI‘[:j[l/Z ,2P] - EP + 7',

3
+K] = 5% [[ES[1/27,2P] - £ + K7,

3
n) =3 xT[EE(1/27.2P) > B + 2],
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(c17)T[E.[1/27.2P] » A, + K* > A+ K + 7] = 3 x [[Ef[1/27,2P] — A} + K + 29),
3
(cI8)T[E.[1/27.2P) » B+ p — B+ +a] =5 x T[EL[1/27,2P) > B 4 1" + 2,
_ _ 9
(c19)T[E,[1/27,2P) » X + K* — 0 + K 4 2] = S xT[E{[1/27.2P] — £ + K~ + ),
3
(c20)T[E,[1/27,2P) » E +p — El 4+ a] = T x T[EH[1/27,1P] — EX +2° + 7],
(d1)T[E,[3/27.1P] - A, + K] = T[E%[3/27. 1P] - A¥ + K7,
3
(d2)T[E.[3/27,1P] — . +a] =2 x T[EX3/27. 1P] » Ef + 7],
(d3)T[E.[3/27.1P] - £, + K] =3 x [[&°[3/27,1P] » =F + K],
3
(d4)T[E.[3/27. 1P] = B +a) = 2 x TEX3/27, 1P] » B +a7],

(d5)T[E,[3/27.1P] » £ + K] = 3 x [[E%[3/27, 1P] - =i+ + K7,

9
(dO)TE.[3/27,1P] > Eif+n>E.+n+7x|= 7% [E°3/27,1P] > Bt + 2~ - Ef +2° + 77,

(dN)T[E.[3/27,1P] > A, + K* - Ay + K+ n] =3 xT[EX[3/27,1P] - Af + K~ + 7],
(d8)T[E,[3/2, 1P| > B, +p — By + 747 = % < T[E2[3/2-, 1P] » B + 29 + 1],
(d)T[E[3/27,1P] > =i+ K* > 0+ K + 2] = 9x [[E3/27,1P] - =t + K~ + 77,
(d10)T[E.[3/27,1P] > Ei +p > Ei +n+ 7] = % x T[E2[3/27,1P] —» Bt +2° + 77],
(d11)T[E[3/27,2P] = A, + K| =T[E}[3/27,2P] - Af + K°],

(d12)T[E.[3/27,2P] —» B, + 7] = % x T[EF[3/27,2P] — B + nt],

(d13) P[E.[3/27.2P) » %, + K] =3 < T[E£[3/27,2P] » 55+ + K],
(d14)T[E.[3/27,2P] » B, + 1] = % x T[EF[3/27,2P] = EX + xt],

(d15)T[E.[3/27,2P] - % + K| = % x T[Ef[3/27,2P] - Tt + K],
(d16)T[E,[3/27,2P] = Ei + 7] = % x T[E:+[3/27,2P] —» B + 7],
(d17)T[E.[3/27,2P] > A. + K* = Ay + K + 7] =3 xT[Ef[3/27,2P] - Al + K° + 79,
(d18) T[E,[3/2-,2P| > B, +p — 5y + 7+ 7] = % K T[EH[3/27,2P] = B0 4 29 4 7],
(d19)T[E.[3/27,2P] > i+ K* > S+ K+ 7] = g xT[E3/27,1P) - T + K- + 7Y,

3
(d20)T[E.[3/27,2P] > Ei +p > Ei+n+ x| = 5 % I[E5[3/27,1P] - EX + 2° + z7].
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We shall calculate their partial decay widths through the
following Lagrangians:

£§C(1/2‘)—>Yc(l/2+)73 = gX.Y.P. (111)
E§C(3/z-)—>yt.(3/z+)7> = QXCHY!;'P, (112)
E)S(((I/Z*)—n/c(l/r)v = chVﬂYSYcV”, (113)
L3 (1)2)1.3/20y = 9X Y eV, (114)
Lramierapny = 9KV (115)

LY aj2yor. 32ty = 9K 0sY o Vi (116)
£§c(1/2’)ﬁYf(3/2*)7’ = g}_(cyﬂ}g Y, 0P, (117)
LQ,.(3/2‘)—>YL.(1/2+)P = gX o 1rsY P, (118)
8 iy 3 yp = XYo@ @P. (119)

Here the superscripts S and D indicate the S- and D-wave

decays, respectively; the fields XE” ) and YE” ) represent the
P-wave charmed baryons and ground-state charmed bary-
ons, respectively; the fields P and V# denote the light
pseudoscalar mesons and light vector mesons, respectively.
To facilitate a comprehensive analysis of the aforemen-
tioned decay channels, we employ the pertinent parameters
of ground-states, excited states, pseudoscalar, and vector
mesons as follows:

(1) Relevant parameters of ground-state charmed bary-

ons are the following:

A.(1/2F):M = 2286.46 MeV,
J(1/24):M = 2469.34 MeV,
(1/2+):M = 2453.54 MeV,
£(3/2%):M = 2518.1 MeV,
1(1/24):M = 2576.8 MeV,
£(3/2%):M = 2645.9 MeV,

m M ™M [

[I]

Q,(1/2%):M = 2695.2 MeV,
Q:(1/2+):M = 2765.9 MeV.

(i) Relevant parameters of excited state charmed bary-
ons are the following:

A(1/27,1P):m = 2592.25 MeV,
A.(3/27,1P):m = 2628.11 MeV,
2,(1/27,1P):m = 2790.45 MeV,
E.(3/27.1P):m = 2818.1 MeV,
A(1/27,2P):m = 2913.8 MeV,
A(3/27.2P):m = 2939.6 MeV,
E.(3/27,2P):m = 3122.9 MeV,
E.(1/27,2P):m = m[E.(3/27,2P)] — Am
= (3122.9 — 18) MeV.

(iii) Relevant parameters of light pseudoscalar and vector
mesons are the following:

7(07):m = 138.04 MeV,
K(07):m = 495.65 MeV,

p(17):m =775.21 MeV,
= 148.2 MeV,
Gpnx = 5.94 GeV2,
K*(17):m = 893.57 MeV,
I' =49.1 MeV,

Jxin = 3.20 GeV~2.

We use the A.(1P,1/27) and A.(2P,1/27) from the
[3p, 1,1, p] doublet as an example, and study their S-wave
decays into the ground-state charmed baryon =/ and the
light pseudoscalar meson z~. To do this we investigate the
two-point correlation function:

(). 0. ) = / e 01T, (0) T (x)]7 ()

_l—l—ﬂ
2

G+ )it (w1, 0y, @").  (120)

At the hadron level we write G s (1-) 5:+,- as

/
GA?(%’)—»E?*JF (01, 0;, @)

Iac-ap)Sfere
) (AA(.(%‘,IP) - 601)(/\2++ - o)
fA fz++

T In G ap-site (/_\A(({,ZP) - wZ)(AZfH @)

= Il

(121)

where - - - contains other possible amplitudes.
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At the quark-gluon level we calculate G . i

c 2 fe
to both the hadron level and the quark-gluon level:
AAC(%_'IP) Z++

s —
gA:r(%—’1P>_>er+”—fAc(%_,lP f2++e

:4\fzx<—f

0
fﬂ 4f3< )auofm;n(”o”uoﬁ'

f” .\ &
+3277,'2 T4f3 ? a_u%u0¢4;ﬂ<u0)|u0= -

_ fﬂ'mS

8(my, + my)m

2
fzzmzrms

/v a 2
(aq)T*f1 <%) a—uofﬁz;n(uoﬂuo: e

eI 7 +gA 4 2P)osia —fA(.(l_

2
3f”T4f3< )WAL;[(MI) 3fﬂ 6fs( ) P22 (U0) =1 + {: 6fs( >a P27 (U0) =L
fﬂ’/n”n%)z T4f3 <a)é‘> 7¢§;7[(u0)|u0:%

02
4f3( )a 2 0¢3n(u0)|u0

$ @08 (%) o 5l

2 24(m,, + my

% 24(mu =+ md)

5++,- using the method of OPE. Then we perform the Borel transformation

A o -
Ac(dmap) Mg
Ty e id

opyfsire

62

% s aMx 02
- [ 2 st + 5 a0 T ()

- fz_’;ls (Gq)T*f, (a’%) ;—:(2) ohin (1) |yt + ijjmd) (9:G0Gq) aiuofﬁé’;n(uo) luo=1

n fznsnés (@q) aiuo(m;”(uo””“% - % (9,G0Gq) aa—:(z)uoqﬁg’;ﬂ(uoﬂuo% + J;”g;s (29) aa_lj(z)u()¢4;ﬂ(u0)|uo%>
—\/TEX (—47{” 4f3( )/ day [_lo:z( uO i 053q)4;n(0‘> M{(;_:Q:T; 4;;7(@)_;_23%“3@4;77(2)
_22 aigf"z@;z(gﬁza%@ﬁ(g) 2062 ai Pexle) = 20{—0?30%&)4;”( )+ 21 0022‘1)4”(“)

* sy >+4—;a—ld’4w@ 2—a—‘P< ”i%zq"‘”@))'

In the above expressions, f,(x)=1—-e™> 7, ),‘{—1: the
parameters w;, w,, and @' are transformed to be T, T»,
and T, respectively; we choose T =T, =T =2T so
that uy = % = %; we choose w,. =120 GeV to be
the average threshold value of the AS(1/27,1P) and
XS7(1/27) mass sum rules; we choose w, = 1.47 GeV

2.0 - 2.0
=
[0 F 4
g 16 1.6
512} 112
1o
z
= 08 0.8
&
w2 0.4 10.4
>
0.0 : i : : 0.0
0.24 025 0.264 028 029 0.30
Borel Mass [GeV]
(a)

FIG. 7. Coupling constants as functions of the Borel mass 7: (a) gi i
clz

[
to be the average threshold value of the Af(1/27,2P)
and £} (1/2") mass sum rules; we choose 0.260 GeV <
T < 0.266 GeV to be the Borel window of the Af(1/27,
1P/2P) mass sum rule. The light-cone distribution ampli-
tudes contained in the above sum rule expressions can be
found in Refs. [99-106].

1.0 = 1.0
< i
g o8 P 0.8
= 06} {0.6
W -y
3 Sy
§o4p——+——" |04
N =
w2 0.2 10.2
()
0.0 : i : : 0.0
0.24 0.25 0.264 028 029 030
Borel Mass [GeV]
(b)
J1pjozto and (b) gA 1 /2P|
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We extract the coupling constant from Eq. (122) to be (A (1/27,1P) - X, + 7)
gi:%,’lpl_)zﬁn, =0.907237, =T(0—->2+1)+2xT(0->6+3>5+4+3)
_ - 0
Gopamosr —04208 (2 =T(AL(1/27,1P) = XE +) +2

+ - ++ -
where the uncertainties are due to 7, w,, ., para- xD(AL(1/27,1P) > X + 7

meters of A.(1/2%,1P), parameters of £ (1/2"), and > A +at+77)

various QCD parameters given in Eq. (18). We depict 77| 1

gi_[%_ 1pjapjoziiqo i Fig. 7 as a function of the Borel lry——t Foniy X ETr[(ﬁo + mg) (P + my)]
oL 2

mass 7. Its dependence on 7 is weak inside the Borel
window 0.260 GeV < T < 0.266 GeV. +2x
The S-wave decay widths of P-wave charmed baryons
can be calculated through the Lagrangians expressed 1
in Eq. (119): ¢ Brne P X /dm34dm45 x ETr[(ﬂﬁ + ms)y,ys(#e + mg)
(i) Since the A.(1/27,1P) is below the X .z threshold
but above the A zz threshold, we use the following X (#0 + mo)(#s + me)1,rs]
formula for the three-body S-wave decay process % 1 < ) 123
A(1/271P) 5 2. + x> A + 7+ |p2 — m2 + imglg)? PapPay- (123)

> 2
(2n) X 32m] X Go-6+3 X Ys-5+44

TABLE III.  Decay properties of the 1P- and 2P-wave charmed baryons belonging to the [35. 1, 1, p] doublets, calculated using the
method of light-cone sum rules within the framework of heavy quark effective theory. Experimental candidates are given in the last
column.

Mass Difference S-wave width ~ D-wave width  Total width
Baryon (j7) [GeV] [MeV] Decay channels [MeV] [MeV] [MeV] Candidate
A(1P}) 26142007  24+£9 A7) = Zx = Aan 497890 e 5190 A (2595)
A() > Zin— Aan e 4x10°8
AC(%‘) = Ap = Aoz 1 x1073
A(1P37) 2644007 AF) > Zn o 4x1073 0.2453 A(2625)
AG) = Sin > Aan 0.201550 6 x 1077
A7) = Aep = Acan 0.02
A.(2P 1) 3.05+0.12 18+£7 AF) =2 20138 e 35°1a8 A.(2910)
A(5) = Zin . 0.115026
A= App = Aoan 047503
AGK)—>Zp > Zan 5.019¢
A7) = Zip - Zian 0.261059
A.(2P37)  3.07+0.11 AGF)—> S - 0.1970% 291140 A.(2940)
AG) - Zin 26j21g° 0.02
AGF) = Ap = Aan 0.5343%
A7) = Zep = Zean 14750
A7) > Zip - Zian 0.761 1
E.(1P,})  278£0.14  29+£10 E.(}7) > Elx 3.14363 e 3+ 2,(2790)
E(}) - En—EBan 2x 1073
E.(¥)>Bp—>Ean 3x1073
E.(1P.37)  28140.14 E.(3) > Ein > Ean 0.5475% 1x 1074 0.61%  E.(2815)
E.(7) — Ex 0.05
:c(% )= B.p—> E.xn 0.02

(Table continued)
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TABLE III. (Continued)

Mass Difference S-wave width  D-wave width  Total width
Baryon (j7) [GeV] [MeV] Decay channels [MeV] [MeV] [MeV] Candidate
E.(2P.3)  3.16£0.12 18£7 E()->En 2713525 314170
E(F) > 2K 27588 e
E()—Ein - 0.02
E.(37) > ZiK 3x 1073
E.(}) > Ep—>EBuan 0.11°97!1
E.(3) = AK = AKn 0.02
E.(}) > Ep—Elan 1.2567
E.(}) > 2K > Z.Kr 1x1073
E.(}) > Eip— Ean 0.09
E.(2P,37)  3.18+0.12 E.(37) - Ein 2,529 3x 1073 24131 E.(3123)
E.(7) - ik 204,57 2x1073
E.(3) > B . 0.03
50@7) - 3K 0.02
E(3)>EBp—>Ean 0.10795
E.(3) - AK = AKn 0.03
E. (%_) > Ep->ZEaan 0.27:}_';72
E.(3) > 2K > Z.Kn 2x 1073
E.(37) —> Eip > Einn 0.1874 %

(ii) Since the A.(1/27,2P) is above the X x threshold,
we use the following formula for the two-body
S-wave decay process A.(1/27,2P) - 2. + &

T(A(1/27,2P) > =, + 1)

=3xT(0—6+3)

=3xT(AF(1/27,2P) > S +17)
P51 5

P3 1
= e~ X Go—6+3 X ETY[(P;J +myg)(pg + mg)],

(124)

where 0 denotes the initial A.(1/27, 1P/2P); 1 and 2 denote
the final states z° and X} (1/2%), respectively; 3, 4, and 5
denote the final states z~, z, and A.(1/27), respectively;
and 6 denotes the middle (final) state X+ (1/27).

We calculate their partial decay widths to be

S 4 0+60.0
FA?[%’,lP]—»zt.n =490 MeV,
Do, =9 MV (129

Similarly, we study the other decay channels for the
charmed baryons belonging to the [37,1,1,p] and
[37, 1,0, 4] doublets. Their partial decay widths are evalu-
ated and summarized in Tables III and V.

IV. DISCUSSIONS AND SUMMARY

In this paper we investigate the A.(2910)", A.(2940)7,
and E.(3123)" as potential 2P-wave charmed baryons with

JP = 1/2~ and 3/2", all of which belong to the [3;,1, 1, p]
doublet. This doublet contains four P-wave charmed
baryons, namely, A.(1/27), A.(3/27), E.(1/27), and
E.(3/27). We make the assumption that the current
J3,.1.1, can simultaneously couple to 1P- and 2P-wave
charmed baryons, consequently leading to the possible
production of 1P- and 2P-wave excitations such as
A (2595)F,  A.(2625), E.(2790)*, E.(2815),
A.(2910)", A.(2940)", and E.(3123)". The masses of
these baryons are computed utilizing the QCD sum rule
method within the framework of heavy quark effective
theory. Additionally, we analyze their decays into
ground-state charmed baryons as well as the light
pseudoscalar mesons z/K and vector mesons p/K*
using the light-cone sum rule method for S- and D-
wave decays. Based on these results, we derive the
masses and total widths of the P-wave charmed baryons,
facilitating a comprehensive understanding of their
properties as a whole:

My - 1p) = 2.61 £0.07 GeV,
Tpmap) = 518 MeV,
My 3 1p) = 2.63 £ 0.07 GeV,
T gap) = 02555 MeV,

MAC(%f,lP) - MA(.(%f,lP) =24+9 MCV, (126)
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My 1 p) = 3.05 £0.12 GeV,

T op) = 35555° MeV,
M/\L.(%_,QP) — 3.07 :l: 0.11 GCV,

MAC@—.ZP) - MAL.(%_QP) — 18 :l: 7 MGV,
Mz (1 1p) = 2.78 £0.14 GeV.
Iz g-1p) = 3537 MeV,
MEC(%—JP) - 2.81 j: 0.14 GeV,
Tz g.1p) = 0.653% MeV,
MEL.(%_.lp) - ME((IP/%_) - 29 :l: 10 MCV,
Mz (1 5p) = 3.16 £0.12 GeV.
FE(.(%_,QP) — 31j21;70 MCV,
Mz s p) = 3.18 £ 0.12 GeV.
Tz op) = 2453 MeV,

ME(‘(%7,2P) - ME.(.(%f,ZP) =18 =7 MeV. (127)

Our results suggest that the A.(2910)", A.(2940)", and
E.(3123)" can be suitably explained as the 2P-wave
charmed baryon of J© = 1/2~ and 3/2~, belonging to the
[3¢.1,1,p] doublet. However, the expected masses of
A.(2910) and A.(2940) surpass experimental measure-
ments by approximately 130 MeV, although consistent with
the results obtained in the quark models, which suggests that
their masses are expected to exceed 3 GeV [35,36,63].
Additionally, our analysis of their decay properties is detailed
in Table III. For the A .(2910) and A (2940), in fact, they not
only can decay into charmed baryons and light mesons but
also can decay into charmed mesons and light baryons. In this
work, we only investigate the former so the total width of
A.(2P,}7)is about 20 MeV smaller than the measurement of
A.(2910)". Accounting for its S-wave decay into the D%p
final state would result in a greater width. Similarly, the
A.(37,2P) can also decay into D p through a D-wave decay
process, resulting in a slight increase in its total width, which
is consistent with the experimental result of A .(2940) within
the margin of error. The E.(3123)" could be interpreted
as the A.(2940)"’s charmed-strange partner state with
JP =3/2-. Furthermore, a 2P-wave charmed-strange
baryon, the Z,(37,2P), with a mass AM = 18 =7 MeV
smaller than the =.(3123)", remains undiscovered. We
propose to explore its presence in the E. (%‘ 2P) - X.K
decay channel.

Apart from the [3 r, 1, 1, p] doublet, we also investigate
1P- and 2P-wave charmed baryons belonging to the
[3F, 1,0, 4] doublet. The results, summarized in Appendix,
indicate that the masses of A.(2910)", A.(2940),

E.(2790), E.(2815), and E.(3123)" alone cannot distin-
guish whether they belong to the [3, 1, 1, p] doublet or the
[3£. 1,0, 4] doublet. However, considering their decay prop-
erties, the 1P- and 2P-wave charmed baryons belonging
to the [3F, 1,0, 4] doublet exhibit wide widths, rendering
them unobservable experimentally due to their extremely
large coupling constants at the vertexes of their S-wave decay
processes. Furthermore, our QCD sum rule results for
the A.(2595), A.(2625), A.(2910), A.(2940), E.(2790),
E.(2815), and E.(3123) appear inconsistent with the
quark model’s expectations, where the p-mode multiplet
[37.1,1,p] is anticipated to be higher in mass than the
J-mode multiplet [37,1,0,4]. This discrepancy could
be attributed to considerable uncertainties in the mass
differences between different multiplets within our frame-
work. Furthermore, our previous study [85] suggests that the
A.(2595), A.(2635),E.(2790), and E.(2815) could poten-
tially be explained as singly heavy baryons belonging to
[3 r» 1, 1, p] doublet. Thus, it is crucial to verify the existence
of p-mode heavy baryons, and we recommend to conduct an
investigation into the existence of the p-mode. For instance,
these exist four excited €2, baryons that are more likely to
belong to the -mode multiplets in five €2, baryons observed
by LHCb [107], while the possible assignment for the rest
particle is either the radial 25-wave excitation or the orbital
1P-wave excitation of the p-mode [97,98].

Summarizing the above results, we study the 1P and
2P-wave charmed baryons using the methods of QCD sum
rules and light-cone sum rules within the framework of
heavy quark effective theory. Our results suggest that
the A.(2910)", A.(2940)", and E.(3123)" can be well
interpreted as the 2P-wave charmed baryon of J© = 1/2~
and 3/2-, belonging to the SU(3) flavor 3 representation.
The Z.(3123) " has a partner state of J* = 1/27, labeled as
E.(1/27,2P), whose mass and width are calculated to be
Mg (1/2-2p) — Mz (3123)F = —18+7MeV and I's epijy =
31457° MeV, with mg 3123+ = 31229+ 1.3 MeV. We
suggest to search for this state in the E.(2P,1/27) -
2.K decay channel.
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APPENDIX: 1P AND 2P-WAVE CHARMED
BARYONS FROM DOUBLET [3;,1.0.1]

In this appendix we study the 1P- and 2P-wave charmed
baryons belonging to the [3, 1, 0, 1] doublets. We apply the
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TABLEIV. Parameters of the 1P- and 2P-wave charmed baryons belonging to the [3 £ 1,0, 4] doublets, calculated using the method of
QCD sum rules within the framework of heavy quark effective theory. Decay constants in the last column satisfy fz: = f=o.

B o, [GeV] Working region [GeV] A [GeV] Baryon (j©) Mass [GeV] Difference [MeV] Decay constant [GeV*]
A (1P) 1.00 T =0.279 0.99 £0.01 A (1/27) 2.76+0.03 7+3 0016:|:0002(A+(1/2 )
A.(3/27) 2.77+0.03 0.007 £ 0.001(Af(3/27))
E.(LP) 1.28 T =0.271 1.07+0.03 E.(1/27) 2.81+0.04 9+3 0.022 4+ 0.003(Z9(1/27))
E.(3/27) 2.824+0.04 0.010 & 0.001(Z%(3/27))
A.(2P) 1.53 T =0.279 1.31+£0.07 A.(1/27) 3.08+0.12 13+4 0.026 £ 0.007(Af(1/27))
A.(3/27) 3.09+0.12 0.012 £ 0.003(Af(3/27))
E.(2P) 1.46 T =0271 1.37+0.07 E.(1/27) 3.12+0.11 14+ 4 0.019 £ 0.009(E (1/27))
E.(3/27) 3.13+0.11 0.009 + 0.004(EF(3/27))

QCD sum rule method to study their mass spectrum, and  baryons A (37, 1P/2P), A.(37,1P/2P), E.(37,1P) and

the obtained results are summarized in Table IV. We
apply the light-cone sum rule method to study their decay = (2 1P/2P) belonging to the [SF »1,0, 2] doublet cannot
properties, and the obtained results are summarized be easily used to explain the A.(2595), A.(2625),

in Table V. These results suggest that the charmed — A.(2910), A.(2940), E.(2790), E.(2815), and E.(3123).

TABLE V. Decay properties of the 1P- and 2P-wave charmed baryons belonging to the [3, 1,0, 4] doublets, calculated using the
method of light-cone sum rules within the framework of heavy quark effective theory.

Mass Difference S-wave width D-wave width Total width
Baryon (j7) [GeV] [MeV] Decay channels [MeV] [MeV] [MeV]
A (1P, 1) 2.76 £ 0.03 7+3 A7) = Zm > Aan >500 e >500
AG7) = Zim > Aenn e 2x10°°
AC(%‘) - Ap > Anrn 1 x1073
AC(IP,%_) 2.77+0.03 A, (%—) - 3.7 e 0.06 293111
AGF) > Zin > Aan 2913 3% 107
AC(%_) = A(p - ALﬂﬂ 0'01
A.(2P.F) 3.08 £0.12 13 +4 Ay) > S >2000 e >2000
A37) = Zim e 0.924477
A7) = Aep = Acrm 1.8
AG) > Zp > Zoan 3x 1073
A(3) = Zip - Sinn 1x10™*
A.(2P.37) 3.09 +0.12 AG) = 1.5+28 ~500
A7) > Sin >500 0.19103¢
AG7) = Ap = An 17578
AG) = Zip - Zinn 8§x 1073
E.(1P.1) 2.81 £0.04 9+3 E(GF)->Ex >1800 >1800
E.(}) > Bin > B.an 2x 10
EC(%_) - E.p > E.arn 6x 1073
EC(IP,%—) 2.82 +£0.04 EC(%—) - Eir - E.nrn >300 1x1073 >300
E.(3) > B - 0.2310%
E.(37)>EBp—>Eunn 0.02

(Table continued)
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TABLE V. (Continued)

Mass Difference S-wave width D-wave width Total width
Baryon (j7) [GeV] [MeV] Decay channels [MeV] [MeV] [MeV]
E.(2P.1) 3.12+0.11 14+4 E.() > B 90013700 220047100
EC(% ) > z K 1300551050
E() - ZiK 0 03
E.(3) > Bp—Eun 474140
E.(}) > AK* > AKn 0.191575
Ec(37) = Elp — Eian 6x 107
E() > ZK* - Z.Kn 6 x 107°
E.(¥) - Eip—> Ean 4x1073
E.(2P,3) 3.134+0.11 E(7) - Ein 200759 0.02 5001290
2, (% ) - ZiK 300f31880 0.01
EC(%‘) - Eln 0. Ing 1652
CHEE N ¢ 0.17:972
2.() = Eop — Eonn 0.42118
E.(37) > AK* - A Kn 0.201078
E.(3) - Eip—> Elnn 1x 1073
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