PHYSICAL REVIEW D 104, 034037 (2021)

P-wave charmed baryons of the SU(3) flavor 6,
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We use QCD sum rules to study the mass spectra of P-wave charmed baryons of the SU(3) flavor 6. We
also use light cone sum rules to study their S- and D-wave decays into ground-state charmed baryons
together with light pseudoscalar and vector mesons. We work within the framework of heavy quark
effective theory, and we also consider the mixing effect. Our results can explain many excited charmed
baryons as a whole, including the %.(2800)°, £.(2923)°, 2.(2939)°, £.(2965)°, Q.(3000)°, Q.(3050)°,
Q.(3066)°, ©.(3090)°, and Q.(3119)°. Their masses, mass splittings within the same multiplets, and
decay properties are extracted for future experimental searches.
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I. INTRODUCTION

The singly heavy baryon system is an ideal platform to
study the fine structure of hadron spectra [1-4], where light
quarks and gluons circle around the nearly static heavy
quark, and the whole system behaves as the QCD analogue
of the hydrogen [5-8]. In the past years, important
experimental progresses have been made in the field of
excited singly charmed baryons; e.g., the A.(2595),
A.(2625), E,.(2790), and E.(2815) can be well interpreted
as the P-wave charmed baryons completing two SU(3)
flavor 3 multiplets of J* = 1/2~ and 3/2~ [9-12]. The
>.(2800), E.(2930), and E.(2970) are also P-wave
charmed baryon candidates of the SU(3) flavor 6, whose
experimental parameters are [13-21],

T.(2800)7+: M = 28017¢ MeV,
I=7573"2 MeV, (1)

T.(2800): M = 2792"1* MeV,
I'=627373¢ MeV, (2)

2.(2800)°: M = 280673 MeV,
=727 MeV, (3)

E.(2930)": M =2942.3 + 4.4+ 1.5 MeV,

I'=14.8+8.8+2.5MeV, (4)
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E.(2930)°: M =2929.7"28 MeV,
I'=26+8 MeV, (5)

E.(2970)": M = 2966.3410)" MeV,
I'=2093¢ MeV, (6)

E.(2970)°: M =2970.91)¢ MeV,
I =28.17¢ MeV. (7)
Besides, in the past five years, the LHCb Collaboration
discovered as many as eight excited charmed baryons:
(i) In 2017, the LHCb Collaboration observed the
Q.(3000)°, ©.(3050)°, Q.(3066)°, ©.(3090)°,
and Q.(3119)? in the Ef K~ invariant mass spectrum

with a sample of pp collision data, whose exper-
imental parameters are [22]

Q,(3000)°: M = 3000.4 + 0.2 + 0.1793 MeV,
I'=45+0.6+03 MeV, (8)

Q.(3050)°: M =3050.2 £0.1 £ 0.1753 MeV,
['=08+02+0.1 MeV, 9)

Q.(3066)°: M = 3065.6 £ 0.1 +0.37)3 MeV,
I'=35+£04+0.2 MeV, (10)

Q,(3090)°: M = 3090.2 + 0.3 + 0593 MeV,
I'=87+1.0+0.8 MeV, (11)

Q.(3119)°: M =3119.1£0.3 £ 0.97)3 MeV,
I'=11+08+04 MeV. (12)
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Some of them are confirmed in the latter Belle
experiment [23] and in the Q, — Ef K-z~ decay
process by LHCb [24].

(i) In 2020, the LHCb Collaboration observed the
E.(2923)°, E.(2939)°, and E.(2965)° in the
A} K™ invariant mass spectrum, whose experimental
parameters are [25]

E.(2923)°
=7.140.8+1.8MeV, (13)

Z.(2939)°
'=102+0.8+1.1 MeV, (14)

2.(2965)°:
I=14.1+0.9+1.3MeV. (15)

Based on the above experimental observations,
many phenomenological methods and models were pro-
posed to study excited singly charmed baryons, such as
various quark models [26—40], various molecular explan-
ations [41-47], the hyperfine interaction [2,3], the chiral
perturbation theory [48,49], the lattice QCD [50-55],
and QCD sum rules [56-76], etc. Their productions and
decay properties were studied in Refs. [77-81], and
we refer to the reviews [1,5-8,82-84] for their recent
progress.

In this paper, we shall systematically investigate P-wave
charmed baryons of the SU(3) flavor 6. In Refs. [85,86],
we have studied mass spectra of P-wave bottom baryons
using the method of QCD sum rules [87,88], and in the
present study, we shall replace the bottom quark by the
charm quark and reanalyze those results. In Ref. [89], we
have studied decay properties of P-wave bottom baryons
using the method of light cone sum rules [90-94], and in
the present study, we shall apply the same method to study
P-wave charmed baryons of the SU(3) flavor 6. We shall
study their S- and D-wave decays into ground-state
charmed baryons together with pseudoscalar mesons
/K and vector mesons p/K*. We shall work within the
framework of the heavy quark effective theory (HQET)
[95-97], and we shall also consider the mixing effect
between two different HQET multiplets.

This paper is organized as follows. In Sec. II, we briefly
introduce our notations and use the method of the QCD
sum rule to study mass spectra of P-wave charmed baryons
of the SU(3) flavor 6. The obtained results are further
used in Sec. III to study their S- and D-wave decays into
ground-state charmed baryons together with light pseudo-
scalar and vector mesons. The mixing effect between
different HQET multiplets is investigated in Sec. IV, and
the obtained results are summarized in Sec. V, where we
conclude this paper.

tM=2923.04+0.25£0.20+0.14 MeV,

T M=2938.55£0.21£0.17£0.14 MeV,

M =2964.88+0.26+0.14£0.14 MeV,

I1. MASS SPECTRA THROUGH QCD
SUM RULES

In this section, we follow Ref. [27] and classify P-wave
charmed baryons. A singly charmed baryon consists of one
charm quark and two light up/down/strange quarks, and
its internal symmetries are

(i) The color structure of the two light quarks is

antisymmetric 3o).
(ii) The flavor structure of the two light quarks is either
symmetric (6;) or antisymmetric (35).
(iii) The spin structure of the two light quarks is either
symmetric (s; = s, = 1) or antisymmetric (s; = 0).
(iv) The orbital structure of the two light quarks is either
symmetric or antisymmetric. We call the former
A type with [, = 0 and [; = 1, and the latter p type
with [, = 1 and [, = 0. Here, [, denotes the orbital
angular momentum between the two light quarks,
and [, denotes the orbital angular momentum
between the charm quark and the two-light-quark
system.
According to the Pauli principle, the total symmetry of the
two light quarks is antisymmetric, so that we can categorize
P-wave charmed baryons into eight multiplets. Four of
them belong to the SU(3) flavor 6, representation, as
shown in Fig. 1. We denote them as [F(flavor), j;, s;, p/4],
where j; = [; ® |, ® s, is the total angular momentum of
the light components. There are one or two charmed
baryons contained in each multiplet, with the total angular
momenta j = j; ® s, = |j; = 1/2].

We have systematically studied mass spectra of P-wave
bottom baryons in Refs. [85,86]. In the present study, we
just need to replace the bottom quark by the charm quark
and reanalyze those results. The newly obtained results for
charmed baryons are summarized in Table 1. In the
calculation, we have used the following QCD parameters
at the renormalization scale 1 GeV [4,62,98—-103]:

(Gq) = —(0.24 +0.01 GeV)3,
(ss) = (0.8 +£0.1) x (gq),
(9:G0Gq) = MG x (qq),
(9,50Gs) = Mg x (3s),
M2 =038 GeV2
(PGG) = (0.48 +0.14) GeV*. (16)

Besides, we have used the PDG value m, = 1.275 +
0.025 GeV [4] for the charm quark mass in the MS
scheme.

To better understand P-wave charmed baryons, we shall
further investigate their decay properties in the next section.
The parameters given in Table I will be used as inputs. To
better describe P-wave charmed baryons, we select the
following mass values when calculating their decay widths:
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(i) We shall find it possible to interpret the Q.(3000)°

=1(A)
L=o ©®
3c(A)
=0(S)
lj: 1 ®
FIG. 1.

5,=0(A)—> 65 (S) —> ji =1

5;=1(S) —3p(A)

51=0(A)—> 3p (A)

5;=1(8) —> 65 (S)

as a P-wave Q. baryon belonging to the [6, 1,0, p]
doublet. Accordingly, we choose

TABLE I

rules. In the last column, we list decay constant, satisfying fy++ = fxo

Mis (1/2-).10p = 2.77 GeV,
Ms 3/2-).10p = 2.79 GeV,
M= (1/2-).10,) = 2.88 GeV,
Miz3/2)10,) = 289 GeV,
Mg, (1/2-).1.0p = 3000.4 MeV [22],

M[QLG/Z_),LOJJ] = 3000.4 MeV [22]

1= 8-
Eg (s,

) [6]2‘5 > 3p]

[6,.0.1.1]
jl =1 E‘C’l %77 %7 [6F51a1>ﬂ]

[6F929 1 71]

P-wave charmed baryons belonging to the SU(3) flavor 6, representation.

(ii) For the [6,0, 1, 4] singlet, we choose

Mz 12-)0.1.4 = 2.83 GeV,
Mg (1/2-).0.1.4 = 2.90 GeV,

Mg, (1/2)0.1.4) = 3.03 GeV. (18)

(iii) We shall find it reasonable to interpret the

(17)

E.(2923)%, £.(2939), ©.(3050)°, and Q.(3066)°
as P-wave charmed baryons belonging to the
[6F, 1,1, 4] doublet. We shall also find it possible
to explain the X.(2800)° as the combination of such
charmed baryons. Accordingly, we choose

Parameters of P-wave charmed baryons belonging to the SU(3) flavor 6 representation, extracted from their mass sum

= \/Efzr and fEi+ :fEQO'

o, Working region A Baryon Mass Difference Decay constant

Multiplet B (GeV) (GeV) (GeV) e (GeV) MeV) (GeV*)
[67,1,0,p] X, 174 027<T <032 125+£0.11 Z.(1/27) 277+0.14 15£6 0.067 £ 0.017(Zz(1/27))
2.(3/27) 279+0.14 0.031 £ 0.008(Z:(3/27))
g, 1.87 026<T <034 136+0.10 E.(1/27) 2.88+0.14 13£5 0.059 + 0.014(E-(1/27))
E.(3/27) 2.89+0.14 0.028 £ 0.007(E7(3/27))
Q. 200 026<T<035 148+009 Q.(1/27) 299+0.15 12£5 0.105 + 0.023(Qz(1/27))
Q.(3/27) 3.00+0.15 0.049 +0.011(Qz(3/27))
[67,0,1,4] X, 1.35 T =027 1.10£0.04 Z.(1/27) 2.83+0.05 0.045 £ 0.008(Zz (1/27))
g, 1.57 027<T <029 122+008 ZE.(1/27) 290+0.13 0.041 £ 0.009(E7(1/27))
Q. 178 027<T<031 137£0.09 Q. (1/27) 3.03£0.18 e 0.081 £+ 0.020(Q; (1/2 )
[67,1,1,4] =, 1.72 T =033 1.03+0.12  X.(1/27) 2734+£0.17 41+16 0.045 £ 0.011(2;(1/27))
%.(3/27) 2774+0.17 0.021 £+ 0.005(Zz(3/27))
g, 1.72 T=034 1.14+£0.09 =.(1/27) 291+0.12 38+14 0.041 + 0.008(5[(1/2 )
E.(3/27) 295+0.12 0.019 £+ 0.004(E[7(3/27))
Q. 172 T =035 1.224£0.07 Q. (1/27) 3.04+0.10 36+13 0.069 + 0.011(Qz(1/27))
Q.(3/27) 3.07+0.09 0.032 + 0.005(Q7(3/27))
[67,2,1,4 X, 150 028<T7<029 1.09+009 X.(3/27) 278+0.13 86+36 0.055 £ 0.013(Z-(3/27))
¥.(5/27) 2.87+0.11 0.033 £ 0.008(Z:(5/27))
g, 172 027<T <032 124+012 E.(3/27) 296+£020 66+27 0.057 £0.016(E(3/27))
E.(5/27) 3.02+0.18 0.034 £ 0.009(E[7(5/27))
Q. 18 026<T<0.33 135+011 Q.(3/27) 3.08+£0.19 59+24  0.103+0.026(Q:(3/27))
Q.(5/27) 3.14+0.18 0.062 + 0.016(Q:(5/27))
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’

Mis, (121,114 ~ 2800 MeV [104]
Mis, (321,114 ~ 2800 MeV [104]
Mz (12014 = 2923.04 MeV [25]
Mz (321,114 = 2938.55 MeV [25]
Mig. 1211 = 3050.2 MeV [22],
Mig 3211 = 3065.6 MeV [22]. (19)

9’

’
’

The mass difference between the Q.(3050)° and
Q.(3066)" baryons is slightly smaller than that
between the [Q.(1/27),1,1,4] and [Q.(3/27),
1,1, 4] baryons, as given in Table I. This is because
the HQET is an effective theory, which works quite
well for bottom baryons [89], but not so perfect for
charmed baryons [104]. Accordingly, we shall in-
vestigate the mixing effect between different HQET
multiplets in Sec. IV, especially, between the
[67,1,1,4] and [61,2, 1, 4] multiplets.

(iv) We shall find it reasonable to interpret the
E.(2965)°, ©.(3090)°, and Q.(3119)° as P-wave
charmed baryons belonging to the [61,2, 1, 1] dou-
blet. We shall also find it possible to explain the
¥.(2800)° as the combination of such charmed
baryons. Accordingly, we choose

Mz 321210 ~ 2800 MeV [104],

Mis, (522,14 ~ 2800 MeV [104],

Mz 3/2-)2.1.) = 2964.88 MeV [25],
Mz(5/27)2.0.0 — Mg 3/27) 21,4 = 56 MeV,

Mg 3/2-)2.1.4 = 3090.2 MeV [22],

Mg, (s/2-)2.1, = 3119.1 MeV [22]. (20)

Note that the above interpretations are just possible explan-
ations, and there exist many other possible explanations
for the X.(2800)°, =.(2923)°, E.(2939)°, =.(2965)°,
Q.(3000)°, ©.(3050)°, Q.(3066)°, ©.(3090)°, and
Q.(3119)°.

We shall use the following mass values for ground-state
charmed baryons [4]:

A (1/2%): m = 2286.46 MeV,

E.(1/24): m = 2469.34 MeV,

2.(1/2%): m = 245354 MeV,

$5(3/2%): m = 2518.1 MeV,

E.(1/2%): m = 2576.8 MeV,

E:(3/24): m = 2645.9 MeV,

Q,(1/2%): m = 2695.2 MeV,

Q;(3/2%): m = 2765.9 MeV. (1)

We shall use the following parameters for light pseudo-
scalar and vector mesons [4]:

7z(07): m = 138.04 MeV,

K(07): m = 495.65 MeV,

p(17): m =1775.21 MeV,

I = 148.2 MeV,
Gprn = 5.94,
K*(17): m = 893.57 MeV,
[ =49.1 MeV,
Ixke = 3.20, (22)

which are calculated through

Epﬂll’ = Ypar X (p2ﬂ+8ﬂﬂ_ —Pgﬂ_aﬂﬂ+) +ee
Likr = gx-x Kyt x (K~0#7° — " K~7°) + - - (23)

III. DECAY PROPERTIES THROUGH LIGHT
CONE SUM RULES

We have systematically studied decay properties of
P-wave bottom baryons of the SU(3) flavor 65 in
Ref. [89] using the method of light cone sum rules within
HQET. In this paper, we apply the same method to study
P-wave charmed baryons of the SU(3) flavor 6. We shall
study their S- and D-wave decays into ground-state
charmed baryons together with pseudoscalar mesons
/K and vector mesons p/K*, including

(al) T[Z[1/27]) = A + 7] = T[E[1/27] = A + 77, (24)

(a2) T[Z[1/27] = =, 4+ 7] =2 xT[21/27] = ZFa), (25)

(a3) T[Z[1/27] = Tt 4+ 2] =2 x T[X1/27] = it + 77, (26)

(a4) T[E[1/27] > Ae+p = A+ x4+ 7] =T[E1/27] = Af +2° + 77, (27)
(aS) T[E[1/27] = 2. +p = . +a+a] =2xTE1/27] > =f +2° + 77, (28)

034037-4
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(a6) T[Z[1/27 ) = St 4 p >S4 a+a] =2x[1/27] » 5t + 20 + 727,
(b1) T[Z[3/27] = A, + 7] =T[ZY3/27] = Al + 77,
(b2) T[Z.[3/27] = =, + 7] = 2 x [[2[3/27] = = + 77,
(b3) T[Z,[3/27] = =t 4+ 7] =2 x T[23/27] = =it + 7],

(b4 T[E.[3/27] > Ac+p = A+ n+ 7] =T[E3/27] > Af +2°+ 77,
(b5) T[Z.[3/27] » Z. +p = Z, +m+a] =2 x [[EY3/27] - Ef +2° + 77,
(b6) T[Z.[3/27] > Zi+p - i+ a4+ a] =2 x[X0[3/27] - =it +2° + 27),

(c1) T[Z[5/27] = Ac + 2] = T[X[5/27] - Ad + 7],
(c2) T[Z,[5/27) » S + 7] = 2 x [[£2[5/27] —» = + 7).
(¢3) T[Z.[5/27] » =t + 2] =2 x [[20[5/27] = =t 4+ 727],

() T[Z[5/27) = Zi+p = T +an) =2 xT[205/27] - =i + 2% + 727,
d) T[E[1/27] > B . + 7] = % xT[EP[1/27] - Ef + 7],
= - = 3 =0 - — -
(d2) T[E.[1/27] - E. + 7] :EXF[EC [1/27] - Ef + 77,

(d3) T[EL[1/27] = A, + K] =T[EP[1/27] = A + K],

(d4) T[EL[1/27] = %, + K] = 3 x T[E°[1/27] - £ + K-,
(d5) T[EL[1/27] = 55 + 7] = % « T[EO[1 /2] = B + 7],
(d6) T[EL[1/27] > =5 + K] = 3 x F[EN[1/2] — 55+ + K-,
(@7) DEL1/27] ~ B, +p— B+ 74 2] = 5 < DEO(1/27) = B 4204 27),
(d8) DIZ4[1/27] — Ac + K = A+ K 4 7] =3 x DEP[1/27] = AL+ R4 1],

3
(d9)TE.N/27] > E.+p—>E. +x+1] = 3% [EP[1/27] - EF + 2%+ 27),

(d10) T[E.[1/27]| > 2, +K* > . + K+ 7| = g xT[EP[1/27] - ZF + K0+ 727],

3
(A1) T[EL[/2T| > Ei+p—>Eita+a|= R T[EP[1/27] -» &t + 20 4+ 77],

_ - 9 _
(d12) T[EL[1/27]| > S+ K" > X+ K+ 7] = 3 C[EP[1/27] » =it + KO + 77,

034037-5
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(el) T[EL[3/27] — B, + 7] = % x T[E°[3/27] = EF + 7],
(e2) T[E.[3/27] — A, + K] = T[EY[3/27] — AY + K]
(€3) T[EL[3/27] = &, + 1] = % x T[EP[1/27] = B + 7],
(e4) T[EL[3/27] » Z. + K] =3 xT[EP[3/27] - = + K],
(e5) T[EL[3/27] — Bt + 7] = % X T[E0[3/27] = Bt + 7,

(e6) T[EL[3/27] = =t + K] = 3 x [[E0[3/27] - =+ + K7,
(eT)TE.B3/27| =B . +p—=E +n+n= % xT[EP[3/27] » Ef + 2% + 77,
(68) TIEL[3/27) = Ac + K* = Ao+ K +2] =3 x T[EP[3/27] — AL + K 4 1],
(69) TIEL[3/27) = Z+p — B+ w4 a] = 5 x TEDB/27) = 420+,
(e10) T[E3/27] > 5, + K — T, + K + 1] = g < T[E0[3/27] — =1 + KO + 7],
(el) T[E3/27T] > Ei+p—>Ei+ata] = % x T[EP[3/27] = Bt +2° + 27,
(e12) T[EL[3/27] » S+ K" > Sf + K +1] = g x [[E0[3/27] = = + K0 + 77,
(71) PIZ/[5/27] ~ &, + 2] =3 < T[E0[5/27] — B + 7],

(£2) T[ELIS/27] — A, + K] = TE2[5/27] — A! + K71,

(73) TIEL[5/27] — &+ 7] = 5 x T[E0[1/27] ~ 20 + 7],

(£4) T[EL[S/27] — £, + K] = 3 x TE0[5/27] = 5 + K],

(5) T(EL[5/27] = Bt + 7] = 3 x D[E0[5/27] = = + 7).

(£6) T(=4[5/27] — 2 + K] = 3 x T[20[5/27] — = + K,

(f7) LE.[5/27 ] > Zi+ K > S+ K+ 7] = g xT[EP[5/27] - ¢ + KO + 7],
(F8) T{Z([5/27] ~ i 4 p— 8p 1+ 2] =5 x DIEP[5/27] — B2 420 4 27),

(g1) T[Q.[1/27] - E. + K] =2 xT[Q1/27] - Ef + K],

(g2) T[Q.[1/27] » EL+ K] =2 x T[QY[1/27] - EF + K],
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(93) T[Q[1/27] » Ef + K] =2 x T[Q[1/27] - E* + K7, (74)
() TQ[1/27] > B.+K* > E, + K+ 7] =3 xT[Q1/27] > B + KO+ 27, (75)
(95) T(Q[1/27] > EL + K* > B + K + 2] =3 xT[Q[1/27] > EF + K* + 7], (76)
(96) T[Q.[1/27] » Bi+ K* > Ef + K + 7] =3 xT[Q2[1/27] - EiF + K + 77, (77)
(h1) T[Q[3/27] = E. + K] =2 x T[Q%[3/27] = Ef + K], (78)
(h2) T[Q,[3/27] = EL + K] =2 x [[Q%[3/27] - Ef + K], (79)
(h3) T[Q.[3/27] = E: + K] =2 x [[Q2[3/27] —» EiF + K], (80)
(h4) T[Q.[3/27] > E, +K* > BE. + K+ 1] =3xT[Q3/27] - Ef + K + 7], (81)
(h5) T[Q.[3/27] > B+ K* > B. + K+ 7] =3 xT[Q3/27] - Ef + K+ n7], (82)
(h6) T[Q.[3/27] > B + K* > B+ K+ 7] =3 xT[Q%3/27] » E:F + K® + 7], (83)
(i1) T[Q.[5/27] - B, + K] =2 x T[Q[5/27] —» Ef + K7, (84)
(i2) T[Q.[5/27] = EL + K] = 2 x [[QY[5/27] — EF + K], (85)
(i3) T[Q.[5/27] = Bt + K] =2 x [[Q2[5/27] —» Ei* + K7, (86)
(i4) T[Q.[5/27] » B+ K* > B + K+ 7] =3xT[QY5/27] = EF + KO + 7). (87)

In the above expressions, isospin factors are explicitly
shown at right-hand sides. Lagrangians of these decay
channels are

LY e =gX

Xc(l/z )_,y(’,(1/2+)p 0(1/2_)Yc<1/2+>P’ (88)

[,S

X,(3/27)=Y.(3/2)P gXC#(3/2_)Y’é (3/2+)P, (89)

L3 . =gX

X((1/2 )—)YC(1/2+)V 6(1/2_)}/ﬂy5YC(1/2+)V”’ (90)

LY (1)2)r. 320y = 9Xc(1/27)YE(3/25)V,. (91)

LY /2)or. /a0y = 9Xe(3/27)Y (1/25)V,. (92)
g}_(cy(3/2_)Yyy5ch(3/2+)Vﬂ’ (93)

- gX/;D(S/z_)YcM(3/2+)Vy
+9X(5/27)Y 0, (3/2°)V,,  (94)

E§E(3/2‘)—>Y[.(3/2+)V

EBS(L. (5/27)=Y.(3/25)V

ED »=9X

(1/27)=Y.(3/21) (1/27)7,75Y o (3/2F) 0 0¥ P,

(95)

ﬁD

X(y,(3/2_)—>Y(.(1/2+)P gXC,u(3/2_)7/117/5YC(1/2+)0”0”P7

(96)

£D

X.(3/27)=Y.(3/2)P chu(3/2_)ch(3/2+)8ﬂaypa (97)

LR 5/ )=r.1720yp = 9Xaqu(5/27)Y (1/27)0"0" P, (98)

£D
X.(5/27)=Y.(3/2")P
= g)_(cﬂU(S/Z‘)ypy5Y’$(3/2+

+ ch;w(S/z_)ypyS ch/ (3/2+

)P
)PP, (99)

In the above expressions, the superscripts S and D denote

S- and D-wave decays, respectively; W) yW p and v
denote P-wave charmed baryons, ground-state charmed
baryons, light pseudoscalar mesons, and light vector
mesons, respectively.

We shall use Q2(3/27) belonging to [65,2,1,4] as an
example and study its D-wave decay into Ef(1/27%) and
K=(07) in Sec. Il A. Then, we shall apply the same
method to systematically investigate the four charmed
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baryon multiplets [6£, 1,0, p], [67,0,1,4], [67,1, 1, 4], and
[6£,2,1, 1], separately in the following subsections.

where K = k+q, w = v-k, and = v - k'. The currents
inside this expression are [68,85]

JS ieahc([wsuq Cy?sh + SaTCy? [wsh])

A. QY(3/27) of [65,2,1,A] decaying into E} K~ S22
In this subsection, we use QY(3/27) belonging to ap.p . Vo .
[6£,2,1,1] as an example and study its D-wave decay X\ 9 re¥s T 9YiYs = Ld’l vivs | i
into Ef(1/2%) and K~(07). (101)
We consider the three-point correlation function,
Jer = €4pe [”aTC}’SSb]hiy (102)
H(l(a), 60/)
where a - - - ¢ are color indices, C is the charge-conjugation
/d4xe_lkx<0|fs/z 021,07z () K~ (q)) operator, D = D — v Duf, 7t = 7* — v, and g =
y g™ — v*v*. These two currents couple to Q2(3/27) and
_ I+ ES(1/27), respectivel
—L G 100 P Y-
) QB |-Ef K- (@, @), (100) At the hadron level, we can write GQO[z k- S
|
foopfer
Goopjozrk- (@ @) = gopgimzik- X Reg ;),)( Ae —a) 7S + (103)
where - - - contains other possible amplitudes.

At the quark-gluon level, we can calculate G¢

QBB K-

frxmgu

using the method of operator product expansion (OPE),

® ! i 't iuw -
G?z?[%‘]aajk‘ (a), a)/) — A dt/ dueil—wa't piuwt < g < < =y ¢2 K 12(mu n ms)zrztz ¢3;K(u)
_ fxmsmin 4 Lam L | Srmemiut®
+48(m ) 5 Pk () + =5 Pax(u) + < $) ok (u) + 288(m,, + m.) (ss)p3.x (1)
frut? f ut? ut*

+

192

(s8)ak (u) + 192 (9,50Gs) ok (1) +

3072 <gs§GGS>¢4;K(u)> X7 qrsq®

2 222

0 1 L, .
_/ dl/ du/ngelwt(aﬁuag)elwt(l—az—um <f3K” q’%[(( ) fak (1)3 K( )
0 0

. 2
if3gu a3
2n*tv - q

if3xua;

Dy () +
sk (@) 27ty - q

‘133;1((2) -

if3xu

—= 104
27ty - q (104)

‘D3;k(2)> Xy qysq®+ -

Then we perform the double-Borel transformation to both Eq. (103) at the hadron level and Eq. (104) at the quark-

gluon level,

90[ -] AE+
Joop--zk-Sfoop1 /= ze e B
lfkm Ugy 3 ime%(uo
-8 _ JKTKT0
g < w 2( >¢”( V™ 2 m, 1 mo)

ifgu
+ 120< >Tf0( )¢2K( 0) = 288(m, + m,)

ifgmgu N
K0 _(53) ) ~

3fz( )¢3K(”0) +MTJ[0< >¢4K(”0)

647>

if gug 1
192 () 7

454 x(uo)

. | 1
D (4 50Gs) o) + 25 (g, 50G) T3¢4;K<uo>>
(rrn(3) [ [ (- L)

/ -
TS if 3K 73 < > / da, / 2
2 -

3——(0‘3%‘1)31(( )+ arPsk(a) — ‘1)3;1((@)))-

(105)
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In the above expressions, f,(x)=1—-e*)> 1, ’,‘c—k. the

s _ -2
parameters @ and @' are transtormed to be 7', an 2, TE-E S T ’
d o formed to be T, and T (@5) 9 oz g = 013 GeV
respectively; we choose the symmetric point 7; =T, = (ab) gg oz = 0.08 GeV~2,
2T so that uy = 7 ZIT = %; we choose w, = 1.55 GeV to be b TR
Lo _ (b4) g5 =0.75 GeV~?
the averaged threshold value of the ©QY(3/27) and I BI=AL e ’
Ej(l / 2*) mass sum rules; explicit forms of the light cone (b5) 5 o1y e, = 0.12 GeV2,
distribution amplitudes contained in the above sum rule BT=Eb e
expressions can be found in Refs. [93,94,105-110], and (b6) gg[z_]_)my]p =0.11 GeV2,
more examples can be found in the Appendix. l; P 1o 5
We extract the coupling constant from Eq. (105) to be (a3) Is os:Bte = 31270745 GeV™,
_ +2.36 -2
dogi -z = 48PN Gev? O gy = 2822138 OV
+1.38 -2
= 46833 GeV 2, (106) (63) 95 zegeye = 2197003 GeV™,
s _ +0.85 -2
where the uncertainties are due to the Borel mass, param- (d2) 95;[%—]—>5;,[%+],; = 14326 GeV™,
eters of EF(1/2"), parameters of Q2(3/27), and various (d4) ¢S, oz, gk = 206 GeV2,
QCD parameters given in Egs. (16), respectively. el el
Finally, we use the amplitude, (e5) géf,.[%‘]—ﬁzt[%*]n = 117158 GeV~2,
N(Q2(3/27) — B + K7) (¢6) 02, 1 3oy = 168 GeV™,
p dr) ¢S, .. - ... =0.05GeV~2,
B % X Gopg-jomi k- X P2uP2uP2p P20 1) =iz
0 (d8> gi/ )= ALK =048 GeV‘z,
CATS BN
X Tr|y*ys(p +mi)r'ys (d9) ¢5, .- s = 0.003 GeV~2,
ELI-EL e
P Pt _ pHap 2 P M S o — —2
" <gpﬂ _rrt et = o’ pozgo> (o + mo)} (d10) 68,11y 4 = 033 GeV2,
3 3my 3m .
0 107) (d11) g3, 1z, = 0.002 GeV2,
=clz =cl2
(d12) géﬁ[k]—mf[%]k* =0.19 GeV~2,
to evaluate its partial decay width to be o
(e7) g3, oz i) = 0.12 GeV~2,
=l 17=cl2
Co-pmzk- = 99577 MeV. 108 .
arfl-ske =995 (108) (8) 65, 51y o = 078 GeV 2,

In the following subsections, we shall similarly inves- (e9) g5, Elom 1] = 0.002 GeV~2,
tigate the four charmed baryon multiplets [6f, 1,0, p], _;2 o ,
6,0,1,4], [67,1,1,2], and [64,2,1,]. Some of their (€10) g2, -z gz = 023 GeV™2,

F F F 5= Ec 5]
light cone sum rule equations are given in the Appendix (el1) &8 — 0.003 GeV-2
as examples. EB-ER T T ’

(612) gé/‘[é—]_,z*[y]f{* =0.27 GeV_2,
B. The [65,1,0,p] doublet - -
(¢ ] . (d5) 915)1[1—]%*[%]” = 2'003.'924{ GeV~2,

The [6£, 1,0, p] doublet contains altogether six charmed el 7=l
baryons: £.(37/37), E.(37/37), and Q.(37/37). We study (d6) gla);,[g-]azz[gﬂk =2.16 GeV~2,
their S- and D-wave decays into ground-state charmed D B 147 -
baryons together with light pseudoscalar and vector mes- (€3) Y5 18t = 245777, GeV™,
ons. We derive the following nonzero coupling constants: (ed) gP oz ik = 2.64 GeV~2,

=cl2 cl2
(42) 93 - s e = 2252103 GeV 72, (€5) 98 pjzpye = 1401555 GeV2,
s _ 115 -2 D _ -2
(b3) Iy ozl = 1.837)57 GeV™, (e6) Iz R = 1.52 GeV~=,
S — -2 _ _2
(@4) G5 g gy = 044 GeVT, (92) 9§ poz g = 257 GeV72,
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(h3) 9§ -z = 210 GeV ™2,

(94) 98 o1z e = 015 GeV™2,

(95) Gy (r--mpej = 041 GeV™2,

(96) G, (11 mpjg = 024 GeV 2,

(F4) 98, 5oz e = 0-30 GeV2,

(f5) 98 -z = 0:29 GeV™2,

(f6) ggcg_]qaﬂ%ﬂ . =033 GeV2,

(93) 9 -z = 255 GeV 2,

(h2) 98 -z = 3-12 GeV ™2,

(h3) 93[[%7]_,5;[?],3 =1.79 GeV~2. (109)

Some of these coupling constants are shown in Fig. 2 as
functions of the Borel mass 7. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

a2) T = 3807530 MeV,

( Z [1 ]—)Z [l+]
(b3) r;( o e = = 220175 MeV,
(a4) T3 (o o o — 006 MeV,
(05) T3, s, ot o = 3 X 107 MeV,
(b4) rg[ A B oA e = 0-08 MeV,
(b5) F;I[ o - e 4% 107 MeV,
(a3) T oy oy, = 08255350 MeV,
— 4.6
(bZ) Fg[ SESN |+]” 3.14_—2.3 MCV,
(b3) rg s T = 0217573 MeV,
(dz) é /[]+] - 1101’8150 MCV’
(e5) T E, e = = 58738 MeV,
(@) T S G1=E =B 5 an =2x10"* MeV,
(d9) FS ooz e = 5 X 107 MeV,
Eel 2
(67) FE/ B]-E [t )p—E [1]zx =5x107* MeV,
(69) FE/ 3— N l+][)—>"‘ [1+] i 2 X 10_9 MCV,
(d5) T2 -z = 0155077 MeV,
(€3) T2 g oz yr)e = 0635045 MeV,
(e5) T3 Bt — 0.03 MeV. (110)
BB

We summarize the above results in Table II.

C. The [6£,0,1,A] singlet

The [67,0,1,4] doublet contains altogether three
charmed baryons: £.(17), E.(}7), and Q.(}7). We
study their S- and D-wave decays into ground-state
charmed baryons together with light pseudoscalar and
vector mesons. We derive the following nonzero coupling

constants:

(al) g3 oy n e = 3154135 GeV ™2,
(a5) g5, )., = 5182216 GeV™,
(a6) g3 -y, = 598 GeV72,

(d1) g1z pope = 21673 GeV72,
(d3) 65 1 p pi = 312135 Gev 2,
(d9) 9% -1z ey, = 3-54 GeV72,
(d10) gé,c s ke = 413 GeV~2,
(d11) g5 ) ey, = 408 GeV 2,
(d12) g% 1y y.p e = 483 GeV2,
(91) 9 1z = 398753 GeV ™2,
(95) 9 1z g = 521 GeV2,
(96) 92 1oy moiiren = 6.06 GeV~2. (111)

Q5 ]-EETIK

Some of these coupling constants are shown in Fig. 3 as
functions of the Borel mass 7. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

S — +860
al Fz A = 6107,7, MeV,
S _ 1 1+14
a3) I [z ]_’Ec[;r]l’—’zc[%ﬂmr - 1'1—0.7 MCV,

ab =0.03 MeV,

31 Z B - Tl an

e = 3601330 MeV,

d3 AR = = 4007519 MeV,

d9 =0.03 MeV,

1=
cl2

=

o3
cls
&
[

ad

—

(al)
(a5) T o
(a6) T
(d1) TS,
(d3) T3,
(a9) T'g
(a5)

7]
-
|-l p—Biliar
]

g = 980750° MeV.

_)E(' [f ]

S
o (112)

We summarize the above results in Table III.

D. The [6,1,1,4] doublet
The [6f, 1, 1, 4] doublet contains altogether six charmed
baryons: £.(37/37), B.(57/37), and Q.(}7/37). We study
their S- and D-wave decays into ground-state charmed
baryons together with light pseudoscalar and vector
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FIG. 2. Coupling constants as functions of the Borel mass T: (a) gg?[{]ﬁi[ﬂ” (b) ggggf]—»z;*f’ ©) ggg[{]_} Aty ) ggg[%,]q Atp
(e) g;g%f]_,):;rpfr (f) ggg[%f]_,zzrp—a (g) ggg[%f]_,ztwﬂfa (h) gg(g[%f]_)z’;rﬂfv (1) gg?[%*]_>22+ﬂ*’ (]) gé’co[%’]%Effﬂ” (k) gééo[%*]_}E:’”*7 (l) gézO[%f]_,Eionf’ (m)

gi,()[, g0, (n) gi,(,[g_]_):o/)_, (0) 920[1—]_,?0,,—’ and (p) an[z-]_,:*oﬂ-- The charmed baryon doublet [6,, 1,0, p] is investigated here.
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TABLE II.  Decay properties of P-wave charmed baryons belonging to the [6£, 1,0, p] doublet, with possible experimental candidates
given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width
§i) (GeV) (MeV) Decay channels MeV) (MeV) MeV) Candidate
T3 2778 1513 Ze(37) = Zem 3807350 390735
Z(37) > Zin - 0.82%55
ZC(%‘) - Ap = Aozm 0.06
2.(37) > Zp > Zean 3x 107
(37 2795018 2.(37) > 2 31558 2208
() > Zin 220178 0.2110¢
ZC(%_) - Ap > A.mim 0.08
2.(37) > Zp > Zan 4x107°
El(z7) 288013 1378 E.(}7) - Ex 110" 110"
=) - =i 015733
E.(37) > Bp > Ean 2x 107
E.(7) > Blp—> Ean 5x107°
2G) 289800 EL(7) = Ein 2 0.631958 59155
E.(37) > Ein 5815 0.035553
E.(3) > Ep—Ean 5% 1074
E.(37) > Blp > Blan 2x107°
Q.(4) 2.99+013 125 e ~0 Q.(3000)°
0.(0) 30008 ~0
mesons. We derive the following nonzero coupling (e6) gé; Bl-TiBHR T =0.14 GeV~2,
constants:
(d7) 9;;,[5—]%([;],0 =2.677335 GeV72,
(a2) 63 -z iy = 0672553 GeV72, (d8) g% 4 \_p o = 025 GeV2,
(63) 63 5 1zepye = 0-395070 GeV2, (d9) 65 -z p), = 648235 GeV 2,
(a4) 63 4y p pe)y = 428133 GeV2, (d10) 93,4 |5 4 = 432 GeV2,
(a5) 63 oz ey, = 9997558 GeV2, (d11) g2, 4y, = 374 GeV2,
s _ 2 _ -
(ab) Ty ppomip = 5.77 GeV~2, (d12) géé[%‘]ézi[%*]f(* =2.50 GeV~2,
(04) 92 fng, = 2377216 GV (€7) 9251z, oy = 1371029 GeV72,
(bS) gS( SRS AP =T 05+28?G6V_ (68) géi:[%_]—)/\c[?]f(* =1.78 Gev—Z’
(b6) ggr ) = = 8.1473¢ GeV~2, (e9) gé,c[%_]_)ai_[%ﬂp = 458377 GeV~2,
(a3) gg e = =0.7670% GeV~2, (e10) &2, 4 bz e = 306 GeV~2,
(b2) ggc o = 2 18183 Gev2, (ell) géi‘[%,]_aﬁ[zﬂ =5.29 GeV~2,
(b3) gg e = = 126703} GeV~2, (e12) g5, b om ke = 333 GeV- 2
(d2) gg2 oz pge = O- 43108 GeV~2, (d5) g5 om e = 0.9870%8 Gev2,
(d4) gé,c LR = =0.36 GeV~2, (d6) gg” R =0.17 GeV~2,
(€5) 92 1zzpppe = 0252017 GeV™2, (€3) 98 bz = 1670057 GeV72,
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— —2
§= 0.54 GeV—~,
= 0.25 GeV~2,

— -2
< =057 GeV~2,
= 5.64 GeV~2,
=3.26 GeV~2,
=2.28 GeV~2,

(f5) 98, 5oz = 399 GeV72,
(f6) 98, pzpjpe = 461 GeV72,
(93) 90 -2k = 0-58 GeV2,
(h2) g p-jompoi = 1.36 GeV™,
(h3) 96 g1-zprix = 079 GeV2. (113)

Some of these coupling constants are shown in Fig. 4 as
functions of the Borel mass 7. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:
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TABLE IIL

given in the last column.

Decay properties of P-wave charmed baryons belonging to the [6,, 0, 1, 4] singlet, with possible experimental candidates

Baryon Mass Difference S-wave width D-wave width Total width
0] (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate
T(37) 283500 - 2 (47) = A 6101550 s 6101350
2.(4) = Zp > San 1154
ZC(%_) - Xtp - Sarx 0.03
L) 2905005 - E.(37) ~ Eem 3601330 - 7607550
EL(17) = AK 4001570
E.’C(%_) - Elp > El.an 0.03
Q.(37)  3.0355 - Q.(37) = E.K 9801 42" - 9801 47"
S +16
(b3 Fz BB = 105" MeV,

S
DA B oA e

S
D os i pos Bt

=9.2%370 MeV,
=127 MeV,

=1x10"* MeV,

—
M

BI-EB B e

—
M &

_ +2.58
oA A Fler — 092001 MeV.

(69) T3 s ey foion = 0207076 MeV.
(BO) T3 -\ 5ugi)psepije = 1 X 107 MeV,
Blene = 0.107015 MeV,

(b2) TP o)y e = 12575 MeV,
(63) T o) 5o = 0.09 MeV,

)1
1] &

a=

—
[1] &n
]
|
[98]
(98]
SE
win
(¢)]
<

P’T‘:
n
[x
S
N

|

)1

JIlCA
T
=
1
[

Il
—_
Q3
|+

=3
SN

o

=<

—
Q
W
S N N T NI N N s
NMU

(d9) Fé;[;]aazweaz[%% = 038155 MeV,

(A1) T e = 2% 107 MeV,

(¢7) T2 -z, len = 0212020 MeV.

(¢8) Taipron rif-a grper = 2% 107 MeV,

(e9) T, 4 B i o i er = = 0.1275-) MeV,
I

S —
(1) Toy gz = 0001 MeV,

gl -E R O-lzfg.'lzg MeV,

(€3) T gz, = 0-67%05 MeV,
€5) T2\ sy, = 005 MeV. 114
st

We summarize the above results in Table IV.

E. The [65,2,1,4] doublet
The [6f,2, 1, 4] doublet contains altogether six charmed
baryons: £.(37/37), E.(37/37), and Q.(37/37). We study
their S- and D-wave decays into ground-state charmed

baryons together with light pseudoscalar and vector mes-
ons. We derive the following nonzero coupling constants:

= 0.0030007 GeV~2,

%5 -
b3) 03, 1_s,p, = 1346155 GeV2,
b6 gg([ oziBe 1.49 GeV~2,
c4) 93, i oy = 235000 GeV,

Bl-AR e 6.137335 GeV ™2,

er e = 3155056 Gev,

~—~ /s: —~ o~ o~
—_— — — Y ~— T B —_ — " — ~—
m‘% IS P %

b3) 95 sy = 1825107 GeV™2,
c1) 6 5 p ppe = 6135335 GeV2,
€2) 95 oz bi)n = 2.105{38 GeV~2,
3 gg[ e = 1.627 )43 GeV~2,

€5) Gz p-jmprye = 0-002%5067 GeV~2,
e6) g3 . =0.005 GeV~2,

B-ZiBTK
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- and (x) ggg)[%_]_&‘ .- The charmed baryon doublet [6F,1,1,4] is investigated here.
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TABLEIV. Decay properties of P-wave charmed baryons belonging to the [61, 1, 1, 4] doublet, with possible experimental candidates

given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width
0] (GeV) MeV) Decay channels MeV) MeV) MeV) Candidate
() 2738 4111 2.(37) = Zem 37+60 48170 *.(2800)°
Z(37) - Zix - 0.10%9
2.(37) = Ap = Aorn 9.21370
2.(37) > Zp - Zean 1277
2.(37) - Zip > Sian 1x107*
() 27790 2.(3) = B : 1273 135
() - Zin 1044° 0.09
2.(37) > Ap = Anr 0.92725%
£.(37) > Zp > Zan 0.207-3¢
L.(37) > Zip - Sian 2x 107
EL(y) 29188 38113 E.(}) > Ex 1219 - 1417 E.(2923)°
= () - Ein 0.12:7%
E.(}7) > AK* > A Kn 4 %1078
E.(y)—>Ep—Euarn 1.74]%
E.(37) = Ep - Elxx 0.38%03
E.(y7) = Eip— Einn 2 x 1077
=(3) 29550 =.(3) — B 0.67%4% 44y E(29%9)°
E.(3) - Eir 33533 0.05
E.(37) > AK* = AKn 2% 107
E.(37) > Ep > En 0.2139%)
BL(3) > Elp - Elan 0.123340
E.(37) = Eip — Einn 1x107
Q.(37)  3.04500 3613 ~0 Q.(3050)°
Q.(7)  3.07 % ~0 Q.(3066)°

9) Gz qypy, = 965705 GeV™,
€10) g o) 5 g = 7:65 GeV2,
el1) gy 2y, = 1.08 GeV ™2,
e12) 3, pyypre = 095 GeV72,
18) Gy zpey, = 069 GeV2,

1) Gy spoip = 144 GeV™2,

Ef)-Edl

2

2

Tol-n Ik
92 gz = 2525151 GeV2,
g = 0917515 Gev~2,

CISRET

EASIS TS

]

_=3.681745 GeV~2,

= 4.021757 GeV72,

= 1457077 GeV~2,
= 0.52 GeV~2,
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TABLE V. Decay properties of P-wave charmed baryons belonging to the [6,2, 1,

given in the last column.

] doublet, with possible experimental candidates

Baryon Mass Difference S-wave width D-wave width Total width
§i) (GeV) MeV) Decay channels (MeV) MeV) (MeV) Candidate
TG 278500 86733 Z.(37) = Acx 36754 40134 %, (2800)°
£.37) > Zn - 2.5039
L.(37) > Zin 6 x 107 0.18%0¢
2.(57) = Zep > Zenn 0.72759p
2.(37) > Zip > Zian 5x 1070
.67 287804 2.(37) = A 12438 13438
(7)) = Zex 0.397073
2.(37) > Zin 0.617:13
2.(37) - Zip > Sian 4 x 107
E.G7) 2964018 6657 E.(37) = AK 9.857%° 3149 E,(2965)°
23) - Eor 1750
2,(37) - =K 0.003
=) ~ Zn 2374
B.(3) - Ein 2x107* 0.1970%
E.(37) — Eip > Elan 14173
E.(37) > Bip > Ean 1x1073
2E) 3020 2) - AK 6371 183
=) > Eor 96103
BL(37) > XK 0.0270%
E.(G) - Bx 0.70%3;
2.(37) - K 4x1073
EL(G7) — Ein L5539
E.(3) > Eip— Ean 0.02
Q.(3) 308792 59139 Q.(37) » E.K 9.9+174 104)7 Q.(3090)°
Q.(37) - EK 0.107039
Q.(G7)  3.1470% Q.(3)-EK 55106 55099 Q.(3119)°
Q.G) - EK 0.03:087
(g3) g2 . =1.31 GeV~2, s _ -5
o g~k (c4) FEJ%‘]—»E[%*]p—»XB*]M =4 x 107 MeV,
1) 62 o o e = 468739 GeV~?,
(i1) g N R —235 L€ (b1) Fgc[%‘]-’/\ e = 364_'%1 MeV,
D _ +1.38 ) 2
(i2) 90 5 mzpr = 1510009 GeV™, (b2) T2 ooy s oy = =257 MeV,
D -2
(h3) 98, =gk = 116 GeV™>. (115) (B3) T2 e sy = 01803 MeV,
Some of these coupling constants are shown in Fig. 5 as (cl) Fgg[%,]_’ AHr = 12718 MeV,
functions of the Borel mass 7. We further use these
D _ +0.72
coupling constants to derive the following decay channels (c2) in[ SRS HIP: = 0.39055, MeV,
that ki tically allowed: 1.14
at are kinematically allowe (c3) rgf[%_]_)zi[%ﬂ” =0.61%35 MeV,
(b3) 1"5‘[}]_)22[?]” =6x 107* MeV, (e5) Féi;[%‘]—ﬁﬁ[%*]n =2x107* MeV,
(S) T3 (s s e = 0725050 MV, (€9) T3, oz oy r = 14570 MV,
(b6) FS =5x107° MeV, (el1) I8 =0.001 MeV,

I BB T e
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S —
(f8) Tey oo = 002 MeV,
(el) FQ, SB[ T 17333 GeV,
db) —cl2
D _ +17.9
(€2) T8y p gk = 9-8275" eV,
(e3) IZ Bl-EL e 231—?9 MeV,
—cl2 —cl2
(e4) T2 1 Ly ueyp = 0.003 MeV,
—cl(2 cl2
(€5) Tg gz = 0-19%073 MeV,
(F1) T2z gy, = 9-6265" MeV.
— 11.4
(2) T pn i = 632467 MeV,
(3) Ta oz = 0705050 MeV.
(f4) T2 .. =0.02 MeV,
EFI-E
(f5) Flé)f -2kt 1'5:2'17 MeV,
Zcl3 Zel3 y/a .
(f6) T2 s L yuor), = 0-004 MeV,
B3 3T
D _ +17.4
(91) T8 gz g = 9:9274" MeV,
D — +0.26
(92) T8 ooz = 0102550 MeV,
(1) TG sz g = 55747 MeV,
(12) Tg 1oz = 003 MeV. (116)

We summarize the above results in Table V.

IV. MIXING BETWEEN [6;,1,1,4] AND [6,,2,1,1]

In this section, we investigate the mixing effect between
two different HQET multiplets, especially, between the
[6£,1,1,4] and [6,2, 1, 1] multiplets. The mixing between
[E.(3/27),1,1,4]and [E.(3/27), 2, 1, 4] has been carefully
examined in Ref. [104], and the same procedures will be
applied here.

From Tables IV and V, we find it possible to interpret the
E.(2923)°, 2.(2939)°, and E,(2965)° as the P-wave E.
baryons [E.(1/27),1,1,4], [E.(3/27),1,1,4], and
[E.(3/27),2,1, 4], respectively. However, there are three
discrepancies between these theoretical results and the
LHCb experiment [25]: a) the missing of the AT K~ decay
channel for the Z.(2923)° and E.(2939)°, b) the mass
splitting between the Z,(2923)° and £.(2939)°, and ¢) total
widths of the Z,.(2939)° and =.(2965)°.

To explain these discrepancies, we recall that the HQET
is an effective theory, which works quite well for bottom
baryons [89], but not so perfect for charmed baryons [104].
Therefore, the three J* = 1/2~ charmed baryons can mix,
and the three J© = 3/2~ charmed baryons can also mix.
Accordingly, we just need a tiny mixing angle 6; = 0° to
make it possible to observe all the P-wave E,. baryons in the
A K decay channel.

In the present study, we explicitly consider the mixing
between the [6, 1, 1, 4] and [6,2, 1, 1] doublets,

|Z.(3/27)), cos@, sinf,
(|Zc(3/2_)>2> N (—sin92 00592)
Z:(3/27). 1, 1,2)
X<|zc<3/2->,2,1,z>>’ o

|Z.(3/27)), [ cosO, sin6,
<|E/c(3/2_)>2> a (—Sin92 00592)
E.(3/27),1,1,4)
< Ez<3/2->,2,1,z>)’ )

1Q.(3/27));\ [ cos®, sin6,

Casrnn) = oo, o)
<|Qc(3/2_)’1’1”1>
X

|£2C(3/2‘),2,1,/1>>’ (119)

where 6, is an overall mixing angle.

We fine-tune it to be 6§, =37 £ 5°, and the obtained
results are shown in Table VI. This mixing mediates
widths of the [E.(3/27),1,1,4] and [E.(3/27),2,1,4],
and decreases the mass splitting within the [E],1,1,4]
doublet,

2957012 GeV — 2.94712 GeV,
44733 MeV — 127}° MeV,
2.961014 GeV — 29770 GeV,
Dz 3220 31575 MeV - 1975% MeV,

4 38715 MeV — 2718 MeV,

4 66132 MeV — 56732 MeV.

Mz 211"
INCAE ARTIE
Mz 221"

Now the .(2939)° and Z,(2965)° can be well interpreted as
the two J¥ = 3/2~ baryons |E.(3/27)), and |E.(3/27)),,
respectively.

Similarly, we study the mixing between [X.(3/27), 1, 1, 4]
and [2.(3/27),2,1,4] as well as the mixing between
[Q.(3/27),1,1,4] and [Q.(3/27),2,1,4]. The obtained
results are summarized in Table VI, supporting to explain
the ,(3066)? and Q.(3090)° as the two J© = 3/2~ baryons
|2.(3/27)), and |Q.(3/27)),, respectively.

Note that only those non-negligible decay channels are
listed in Table VI due to limited spaces, while we have
calculated all the possible decay channels, as follows:
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TABLE VI

Decay properties of P-wave charmed baryons belonging to the SU(3) flavor 6 representation. The first column lists

charmed baryons categorized according to the heavy quark effective theory (HQET), and the third column lists the results after
considering the mixing effect between different HQET multiplets. Possible experimental candidates are given in the last column for
comparisons. Note that in this table, we only list those non-negligible decay channels due to limited spaces, while we have calculated all
the possible decay channels as given in Tables II-IV and Egs. (120)—(125).

Mass Difference Main decay channel Width
HQET state Mixing Mixed state  (GeV) MeV) MeV) (MeV) Candidate
(£(47).0.1.4  6,~0° [£.().0.1.4] 2.8370% [5(2c(1/27) = A.x) = 610570 6101370
E(G7).1.1.4] [Z.(G7),1,1,4] 2731043 23133 D(Z(1/27) = Aem) #0 48179 %,(2800)°
[5(2(1/27) = Z.m) = 3775
T5(2c(1/27) = Aep = Acnr) = 927550
FS(ZC(]/Z_) g Ecp g z“cﬂ-ﬂ) = 121—126
EG). 114 6, =37£5  [Z.(37)), 275504 Ip(2:(3/27) = Acx) = 1355° 2410
Tp(2c(3/27) = Eexr) = 33737
[5(X.(3/27) = Zin) = 6.47}%3
(£.(37).2.1.4] .G, 2804015 6873 Tp(2c(3/27) = Acm) = 23558 2817
[5(2:(3/27) - Zin) = 3.57%,
[Z.(37).2. 1,4 [£.(G37),2,1,4] 2.87704} Tp(2.(5/27) = Acx) = 1278 135°
[p(2.(5/27) = Z.x) = 0397072
Tp(Ze(5/27) = Zim) = 061734
[E.(37).0.1.2] 01 ~0° [E((37).0,1,2] 2.90103 [5(8.(1/27) = AK) = 40015, 760137
I'g(E.(1/27) - E.x) = 360133
[EL(17). 1,14 [EL(37). 1, 1,4] 2917015 2708 [(2L(1/27) = AK) #0 1457 B.(2923)°
[(EL(1/27) = Bx) #0
[g(EL(1/27) = ELx) = 124
[g(EL(1/27) = Ep = Bean) = 1.71]¢
[E.(G). 11,1 6,=37£5 |2.(37)), 2941902 (EQ (3/27) = A.K) =23"3 12110 £.(2939)°
Tp(E.(3/27) = Bor) = 4.6753
Ip(E.(3/27) = Eix) = 2.0773
Ts(8:(3/27) = Eem) = 21138
[EG).2.1.1 EG)) 29757 5673 Tp(EL(3/27) = AK) =637} 19937 2,.(2965)°
FD(E (3/2- )—> Ecﬂ) =117’
I5(Ee(3/27) —» Eim) = L. 33983
[E:G7).2.1,4] [E.(37),2,1,4] 3.02707; (E (5/27) = AK) = 6.37,¢* 1815°
Ip(EL(5/27) = B.m) = 9.6103%8
Tp(Ee(5/27) = Eix) = 15477
[Q.(37).1,0.p] €120 [Q.(}),1,0,p] 2991043 1213 N(Q.(1/27) = E.K) #0 ~0  ©.(3000)°
[Q.(37).1.0.p] 620" [Q.(37).1,0,p] 3.00:313 T(Q.(3/27) = E.K) #0 ~0
[Q.(37),0,1,2]  01=0°  [Q.(37),0,1,4] 3.030,3 T5(Qc(1/27) = E.K) = 9807¢5,° 980 63"
©Q.(37).1,1,2] [Q.(37).1.1,4] 3.04180 273 [(Q.(1/27) > E.K) #0 ~0  Q.(3050)°
[Q.(G7),1,1,2] :x37+£5  1Q.(37)); 3.0650 [p(Q.(3/27) » E.K) = 2.0173 20573 Q:(3066)°
Q.(37).2.1.4) Q.G 309507 51539 [p(Qc(3/27) > E.K) =635 6414 Q.(3090)°
©Q.(37).2,1,4] [Q.(37).2.1,4] 3.14507 I'p(Q.(3/27) - E.K) =557 55506 Q. (3119)°
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2.(3/27) )\ »E poZoan = 075j84§4(1) MCV, (123)

(i) Partial decay widths of the |X.(3/27)), are (e5) Ffs;(3/2*) o = 1348 MeV,
(b1) TR /2y, one = 1355° MeV, (€5) TR (3/2) ), 0m:n = 0.03 MeV,
(2) TR 30y ox.0 = 33537 MeV, (€8) T (30 y,on & or ke = 2 % 1077 MeV,
(09) TR s = 02485 M, () Ty o = 0122038 M.
(3) T \2 (3/27) )y =Zix — 64245 MeV, (€9) F|SE;<3/2-> )y—Elp—Elar 0.37%535 MeV,
(B4) T 301 )= rpnns = 0-5970 5 MeV, (e1) T, 35 )y iz pming = 3 X 107 MeV.
(b5)
(b6)

$,(3/27) )= Sip—Sian 1x107* MeV. (120) (v) Partial decay widths of the [Q.(3/27)), are

(ii) Partial decay widths of the |Z.(3/27)), are (hTR, . =207 MeV.  (124)

1Q:.(3/27) )i~
(b1) TR 32y 1, a0 = 23775 MeV, (vi) Partial decay widths of the |Q.(3/27)), are
227
(62) T 3/2) -z = 0-37 1537 MeV, (h1) F\Izzr(3/2*)>2—»5j( =6.37112 MeV,
(B3) TR, (3/2-) )52 = 0-03 MeV, (h2) TR, 2,z = 002 MeV. (125)
(b3) F $.(3/27) )=Tim 3.5197 MeV,
(04) T (321 1, A ps i mr = 0-3320%53 MeV, V. SUMMARY AND DISCUSSIONS
(b5) T3, \z (3/2) Voo BopmTomn = 0.177072 MeV, In this paper, we perform a rather complete study on
b6 o 3% 105 MeV P-wave charmed baryons of to the SU(3) flavor 6. We use
( ) \E (3/27) Yo Ziposinn — 2 X cv. the method of QCD sum rules to study their mass spectra. We
(121)  also use the method of light cone sum rules to study their
decay properties, including their S- and D-wave decays into
(iii) Partial decay widths of the |=.(3/27)), are ground-state charmed baryons together with pseudoscalar
mesons z/K and vector mesons p/K*. We work within the
(e2) T2, (3/2) oAk = 2.35 MeV, framework of heavy quark effective theory, and we also con-
(el) FL: C - 4.6%8! MeV sider the mixing effect between different HQET multiplets.
e 2y - = 46753 Me ; ;
EL(3/27) ) > -33 ) Accordingly to the heavy quark effective theory, we
(e3) T2, . =2.0%22 MeV categorize P-wave charmed baryons of the SU(3) flavor
[Be(3/27) h—Ber -2 ’ 6 into four multiplets: [67, 1,0, p], [67, 0,1, 4], [67, 1,1, 4],
(e5) F|SE,><3 J2) Yy B = 2.1728 Mev, and [6,2, 1, ]. Their results are separately summarized in
FD’ — 0.147016 MeV Tables II-V. Besides, we explicitly consider the mixing
(€5) Dz 32y, omes = 0- 142008 MeV, between the [65- 1,1, 4] and [67,2. 1, 4] doublets, and the
(e8) TS, . . =2x10"% MeV, obtained results are summarized in Table VI. Based on these
Ze(3/2) h=AK oA K results, we can well understand many excited charmed
(e7) F|SEQ<3 2°) ) =B pmBon = 0.137937 MeV, baryons as a whole:
S - 40,57 (i) The [6F,0, 1,/1] singlet contains three charmed
(€9) Ty 3/27) ), »21pmtan = 0-53L031 MeV, baryons: 3, (1), 2 (1), and ©,(L"). Their widths
(ell) Do 3/27) ) omtpogien = 1 X 1073 MeV. are all calculated to be very large, so they are
’ o difficult to be observed in experiments.
(122) (ii) The [6f, 1,0, p] doublet contains six charmed bary-
(iv) Partial decay widths of the |E.(3/27)), are ons: T (57/37), Eu(37/37). and Q.(57/37). We find
it possible to interpret the Q.(3000)° as the P-wave
(€2) T2 50y y,-n k = 6:3145° MeV, Q. baryon of either J* = 1/2~ or 3/27, belonging
B EPHITI to this doublet. However, total widths of X.(37/37)
(el) Ee(3/27) )p=Ber T T8 eV, and E, (%‘ /%‘) are calculated to be quite large.
(e4) T2, 30 s g =4Xx 10~* MeV, (iii) The [6f,1,1,4] doublet contains six charmed
j baryons: 2.(5/37), Z.(4/3), and ©,(/3).
(e3) T2, o = 037113 Mev, 202 . el
E.(3/27) ),~Ex 0.37 The [65,2, 1, 4] doublet also contains six charmed
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HQe(57):1,1L,A] (I2(37)1) (K)[Q(37)2) M[Qe(37),2,1, 7]
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(m)[Qe(3),1,0,p] ()[Qe(27),1,0,p]

FIG. 6. Branching ratios of fourteen P-wave charmed baryons of the SU(3) flavor 65, with limited and nonzero widths.

baryons: £.(37/37), E.(37/37), and Q.(37/37). We with the mixing angle fine-tuned to be 6, = 37 + 5°.
explicitly consider the mixing between the two Our results suggest (a) the =.(2923)° and
charmed baryons of J¥ = 3/27, Q.(3050)° can be interpreted as the P-wave =
and Q. baryons of J” =1/27, belonging to

1Z.(3/27),1,1,4) «— |£.(3/27),2,1,4), [67,1,1,2]; (b) the Q.(3119)° can be interpreted

= - = - the P-wave Q. baryon of J* = 5/27, belonging to
[Fe(3/27), 1. 1.2) — [Be(3/27). 2. 1. 4), [67,2,1,2; (c) the E.(2939)%, Z.(2965)°,
1.(3/27). 1, 1,4) «— |Q.(3/27).2, 1, 4), Q.(3066)°, and ©.(3090)° can be interpreted the
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P-wave =, and Q, baryons of J* = 3/27, belonging
to the mixing of the [67,1,1,4] and [6¢,2,1, 4]
doublets.
Besides, our results suggest that the X.(2800)° can be
explained as the combination of the P-wave X, baryons
belonging to the [65,1,1,4] and [6,2, 1, 4] doublets. We
summarize all the above interpretations in Table VI but note
that there exist many other possible explanations.

To arrive at our interpretations, we need to pay attention
to the following: there exist considerable uncertainties in
our results for absolute values of charmed baryon masses
due to their dependence on the charm quark mass [85,86];
however, mass splittings within the same doublets do not
depend much on this and are calculated with much less
uncertainties. Moreover, we can extract more useful infor-
mation from decay properties of charmed baryons.

Summarizing the above results, the present sum rule
study within the heavy quark effective theory can explain
many excited singly charmed baryons as a whole, includ-
ing the X.(2800)°, =.(2923)°, =.(2939)°, =.(2965)°,
Q.(3000)°, ©.(3050)°, Q.(3066)°, Q.(3090)°, and
Q.(3119)°. Their masses, mass splittings within the same
multiplets, and decay properties are all calculated and
summarized in Table VI. We suggest the Belle-II, CMS,
and LHCb Collaborations to further study them to verify
our interpretations. Especially, we propose to further study
the £,(2800)° to examine whether it can be separated into
several excited charmed baryons. For convenience, we

|

gsop-omra e

show their total widths and branching ratios in Fig. 6 using
pie charts.

To end this paper, we note that the p-mode multiplet
[6£,1,0,p] is found in our QCD sum rule approach to be
lower than the A-mode multiplets (6, 1, 1, 4] and [67, 2, 1, A].
This behavior is consistent with our previous QCD sum rule
results [85,86] but in contrast to the quark model expectation
[2,35]. However, this can be possible because mass differen-
ces between different multiplets have considerable (theoreti-
cal) uncertainties in our framework. We propose to verify
whether the p-mode heavy baryon exists or not by carefully
examining the Q.(3000)° as a possible p-mode candidate.
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APPENDIX: SOME SUM RULE EQUATIONS

In this Appendix, we give several examples of sum rule
equations, which are used to study D-wave decays of
P-wave charmed baryons into ground-state charmed bary-
ons and light pseudoscalar mesons.

The sum rule equation for the X2[17] belonging to
[6£,1,0,p] is

GD 1- *t o — ’ ! = 7= N
D e a (@.af) (AZQ[%‘} - o)Ay — )
© 1 : o fau fomiu fout>
— dt d i(l1—u)a't jiuwt 8 z ="' o z .
[ an [ et (L agnpntin + g g () + S (G
faut*, faut
G . G
+3gq (95906 a) baaut) +7 1 (9,406 q) bas (1)
} / " ar / du / Daeioertuay gioni-as-uay) o (P30 gy () | a0 G g
0 0 - 47%t 3= 47%t 3=
if3,03uv - q if3,uv-q if3:000 - q if3:0°q Szl
= — ®,. - @, = - D,. (I) Al
47[2t 3z (Q) 47[2t 3 (g) =+ 47[2[ 3 ((_l) 47[2t 3,ﬂ(g) + 47[ 3; 7[( ) ( )

The sum rule equation for the Z[37] belonging to [6, 1,0, p] is

D , gv—/()[S ]_)-—~/+ —fv—r() f'—H
oozt @) = (o e —a)
« ! i(1—u)a't i fﬂms” fn'm u
— i(1-u)w't ,iuwt
/ dt/ due el x 4 x (8 22 b2 (1) + 24(m,, + my) a2 t2¢ (1)
famgu f,, fomgm2ut? f,,ut2 _
uETT > Pacn (1) + < §) 2. (1) + m( )3 (u) + 384 (55) P (1)
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) 4
+ f_’;rg4t <gsfdGS>¢2;ﬂ(u) T J;;IZ; <gS§O-Gs>¢4;”(u>>

o 1 - e 1 Sl if3.05u%0 - q
1 1
_/O th du/Dc_xe”" H(ar+uas) iot(1-ay—uas) XEX <_4n72[t2 @, (a) + ﬂ4”2t D3, (a)

if3.000Uv - q if3.uv - ¢q if3:030 - q
+ 47‘[21 q)3 ﬂ( ) + frale37ra3””} q4” tCI)3 ﬂ( ) 47[2[ (D3;7r (Q) + 47[2l (D3;Jr (g>
if3”l) q
- D;. . A2
477.'2l 3,71(@)) ( )

The sum rule equation for the Q2[37] belonging to [6, 1,0, p] is

Goppy oz k- (@ @) = Jopit-=: kS oS
[ T]-ECK (AQ(L)[%f] — w/)(AEer — a))

] Lo Lo frmgu fxmiu
—_ dt d i(1-u)a't ,iuwt 8 K K 3
/ / ue et x 8 x <24 22 Pk (u) +72(mu ¥ mg) 2R 5.k (1)

) 2
LI )+ T (55) e () + %“ (1) + 55 55ut)

05068 ) + L0 (0,506 )

o« 1 . : if3xazuv - q f3kuv-q
_ dt d Daei@ (a+uas) gior(1-a—uaz) o Lq) ) JRT” 1,
A A ”/ e ¢ P e O R prcrak S

if3gapuv - q if3gasuv - q if3guv - q if3ganv - q
= () +t Dz (a) ————— Dy () + ———— D3 (a
12 21‘ 3,]((_) 12 P 3]((_) 12 21‘ 3,1((_) 12 21‘ 3,]((_)

(@) ). (A3)

The sum rule equation for the X2[17] belonging to [64,0. 1,4] is

Isopiont oo ar
(Agop-) — @) (Agy — o)

o o o 3f,m2 if ;miv-q
_ dt duel1-wa't piuwt 8 S e SR Y R — —
/o A ue e e 4r*(m, + mg)t* Psin10) 872 (m, + my)r? #5in)

G;?-[%_]—ﬂ\zr/r' (w’ w/) =

ifz _ if .t _
: goG . . Ad
16m.q<6]‘1>1//4,n( )+256 (95q0 q)l//4,,,(u)> (A4)
The sum rule equation for the :’0[ ~| belonging to [65,0, 1, 4] is
Jzpp-loark-Feop-1far
Gg/()[l_]_)A+K_ (w w) 0[ A+K, _Lo[z ] A}
2clz ¢ (A—rO[l ]~ )(AA;r — w)
® ! ' 't i 3fxmy ifymxv-q
= dt d i(1—u)a't ,iuwt 4 VK" p. _ K—K
/0 A ue et x 4 x ( a2 (m, _|_ms)[4¢3,1<(u) 82 (m, + m,)1 34)3 x(u)
(AS)

K (2 ifgt
16tv - q (@a)wax () + 550 - . <gsq6GQ>w4;K<U)> .
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The sum rule equation for the Q2[J~] belonging to [65,0,1,4] is

gﬂ?[%’]—»EjK*fgg%f]ij
R~ )~

—u)w't ,iuw 3f mi lf mzzzv g o
/ dl/ due/I=1) et 5 8 <—4”(K—Kt4¢§;1<(”) _2K—t3¢3;1<(“)
u d

GS

QU] k- (@, @) =

m, + my) 8n*(m, + my)
3if g, g
16th <ss>y/4K(u) + zsg k! <g§SUGS>l//4;K(u) +16;2ft7§;nqw4 K( ) _%< S> g;K(u)
ifxmmtv - q
- S 53 ) ). (49

The sum rule equation for the E[37] belonging to [6,1,1,4] is

ng[l gt (@,0) = et Sefe
= (Agop) — @) Az — )

w)a't Hiuw, fﬂ f,,msm,zzu -
/df/ ane 0ot s (= Lot ) g g

4n*p 48(m,, + my)n’t

- Lt ) =L ) 515, ) L )
#jmd) (gs§aGs>¢§m(u)>

—A th du/Daei“’/““ﬁ”%)ei“”(l‘“2‘”“3) x%x (—f’;{;?z D, () —fg;:;;t Dy, ()

@) - )+ L0 (0) - L 0 (@) - L2 4 2(a)

b 0w L b+ @+ D ) - e

- 87:3;%]2[@&)4;”( a) + S”%quﬂ;n(g) - Sﬂ%’;.qq’m(g)) (A7)

The sum rule equation for the X2[37] belonging to [64,1, 1, 4] is

IsopoziaSropfur
(Asop) — @) (Agy — o)

) 1 . ;. lf lf
— i(1—u)a't Liuvwt 3 z
A th due et x 8 x <4 2t3¢2”< u) + 7 2t¢4n( u)

if gmiut if ymaut® _ .
a5 0) - e (0,40G) 5,0

. 2
/ dt/ du/Dae’“’t“2+L‘“3 it(1~a—uats) <lf”a3u Dy, (a) + lj;,;azuq)4”( )

GD

22 [%’]—»ijf

(@, @) =

822t
ifna2 lfzra2
16Jr2t 4x() +

if ozu
1672t

lfﬂa3u &)4. (_) _ lf][

D, D, CD
+ 4z (Q) + 167[2t 87[21‘ 4z (Q) =+ 4; Jl'(a)
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ifi'[ lfn 4 fﬂu 3fﬂu T fﬂ
- —=Q,. ——,. — Y, — VY, -0,
L6221 47 (Q) 16221 4 (Q) + 82120 - q 4z (Q) + ST2120 - q 4z (Q) 8220 - q 47 (Q>
3fﬂ F 4 fﬂ T
D, — 2 Y, R . A8
T 872 q q 4x(@) + 87%t%v - q 4x(@) 87210 - q 4’”(g)> (A8)

The sum rule equation for the Q2[37] belonging to [64, 1,1,4] is

9Q0B-)-E K- fQ“3 f g
Goop oz (0. 0) = =
Qe K (Agop) — @) (Ag — )

® ! i(1-u)a't yiuw if gu ifxu if maut _ .
—A th due 171!t x 8 x <4 12<3¢2K( ) + o harc (U) = 5 (55) 5. ()

64nt 144(m,, + my)
if ymyut’ _
- Zu* A 000000 G G.
7304(m, + my) SOOI P5x()
® ! ia oy tuas) piot(1-ay—uaz) o lfKa3u ifgkapu
- dt | du | Dae@"%tua)e 2uas Dy (a) + 5 — Pyx (@)
872 8-t
lfKa3” ifgozu « ifgu lfKa2 ifx® &
—— — =, - D, —2 2@, RSN
167 2 4K( ) 1677.'22‘ 4K(_) 87t2t 4K( ) 167[22‘ 4K(_) 1671'21‘ 4K(_)
ifx ifk = Szt 3fku fx
— D, ———d, - Y, Ry,
167[ ¢ 4,]((@) 16ﬂzt 4,7[(2) + 87T2t21} g 4,[((2) + 871'2[211 q 4,K(g) 87T2t27) q 4K(g)
3k & fx fk g
—s— Dy ——Y, -——Y, . A9
Snztzv-q 4,1((2) +8ﬂ2t211'q 4,1<<Q) Sﬂztzv-q 4,1((2) ( )

The sum rule equation for the X2[37] belonging to [64,2, 1, 1] is

Isoponia-Seopfar
(Agopy — @) (A — )

% Lo o famau fru
— dt d i(1—u)w't ,iuwt 8 ' o 7
A /0 ue et x 8 x (12< 127 ¢3,ﬂ(u)+ (q9)Pr.r (1)

mu+md

GD

B Al T (w.0') =

+f”m2<' )P () + i L < Gq)¢ ()+f 4( Gq)aq(u)
U (e} u O
192 qq 5 4 192 gsq q 2 3072 gsq q 5% 4
0 ! i t(ay+uaz) yiwt(1—a—ua 3z f3”
—/ dt/ du/Dge ) g (1-a-ua) (w Pyr() = 535 @)
lf37ru av - q l.f3”1/l(12/U'q if3n'l'”-}'q
—q) — =D, - ;. . Al10
+ 2t '371'( )+ 221 3,7:(2) 2221 3,7:(@)) ( )

The sum rule equation for the E[37] belonging to [64,2. 1,4] is

g”’ = = =+
G20[3—]_>:/+”_ (0, 0) = Je IR -f= 0R- ]f
(A—r()[s 1~ )(A=,+ — )
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