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Decay properties of P-wave charmed baryons from light-cone QCD sum rules
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We study decay properties of the P-wave charmed baryons using the method of light-cone QCD sum
rules, including the S-wave decays of the flavor 3 P-wave charmed baryons into ground-state charmed
baryons accompanied by a pseudoscalar meson (z or K) or a vector meson (p or K*), and the S-wave decays
of the flavor 6 P-wave charmed baryons into ground-state charmed baryons accompanied by a
pseudoscalar meson (7 or K). We study both two-body and three-body decays which are kinematically
allowed. We find two mixing solutions from internal p- and A-mode excitations, which can well describe
both masses and decay properties of the A.(2595), A.(2625), E.(2790) and Z,.(2815). We also discuss the
possible interpretations of P-wave charmed baryons for the X.(2800), E.(2930), E.(2980), and the
recently observed ©.(3000), Q.(3050), Q.(3066), 2.(3090), and Q.(3119).
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I. INTRODUCTION

Recently, the LHCb Collaboration observed five
excited Q. states in the ZFK~ mass spectrum [1], i.e.,
the ©.(3000)°, ©.(3050)°, Q.(3066)°, ©.(3090)°, and
Q.(3119)°. Their masses and widths were measured to be

Q.(3000)°: M = 3000.4 £+ 0.2 +0.11)3 MeV,
['=45£0.6=+0.3 MeV,
Q.(3050)°: M =3050.2 £ 0.1 £ 0.17)3 MeV,
I'=08=+0.2=+0.1 MeV,
Q.(3066)°: M = 3065.6 + 0.1 & 0.3103 MeV,
['=35+04=+02 MeV,
Q.(3090)°: M =3090.2 £ 0.3 £ 0.57)3 MeV,
['=87+1.0£0.8 MeV,
Q.(3119)°: M =3119.1 £0.3 £ 0.973 MeV,
I'=1.1£08+04 MeV.
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These excited Q. states are good P-wave charmed baryon
candidates. Besides them, the A.(2595) (J¥ =1/27),
A(2625) (JP =3/27), E.(2790) (P =1/27) and
E.(2815) (JF =3/27) can be well interpreted as the
P-wave charmed baryons completing two flavor 3 multip-
lets of JP =1/27 and 3/2~ [2-6]; the =.(2800) (J* = 7?),
Z.(2930) (JP =7") and E.(2980) (JP =7?") are also
P-wave charmed baryon candidates of the flavor 6 [7—13].

These charmed baryons are interesting in a theoretical
point of view, and many phenomenological methods/
models were proposed to study them [14], such as various
quark models [15-20], various dynamical models [21-26],
the hyperfine interaction [27,28], and the Lattice QCD
[29-31], etc. [32-36]. Their productions and decay proper-
ties were studied in Refs. [37-43]. See reviews in
Refs. [14,44-49] for their recent progress.

We have also systematically studied the mass spectra of
these excited heavy baryons [50-53], using the method of
QCD sum rules [54,55] in the framework of heavy-quark
effective theory (HQET) [56-58]. The HQET works well in
the bottom sector but not so good in the charm sector.
Hence, in Refs. [50-53] we have taken into account the
O(1/mg) corrections (m, is the heavy-quark mass), and
did find them to be non-negligible. In Ref. [59] it was also
found that the finite quark mass corrections to the form
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factors and the rates of semileptonic transitions are impor-
tant for heavy-to-light (charm-to-strange) transitions and
not negligible for heavy-to-heavy (bottom-to-charm) tran-
sitions. In a different framework based on the Dyson-
Schwinger equation [60] it was similarly concluded that the
heavy-quark expansion is accurate for the bottom quark
while it provides a poor approximation for the charm quark.
More studies on heavy mesons and baryons using this
scheme can be found in Refs. [61-80], and others using the
method of QCD sum rules but not in HQET can be found in
Refs. [81-85].

Based on the heavy-quark effective theory, we can
classify the P-wave charmed baryons into eight charmed
baryon multiplets, including four of the flavor 3
([37.0,1,p], 3r.1,1,p], [37.2,1,p] and [37,1,0,1]) and
four of the flavor 65 ([65,1,0,p], [67,0,1,2], [65,1,1,4]
and [6,2, 1, 1]). See Sec. II for the explanations of these
symbols. For each set of multiples, the first one of j; = 0
forms a heavy-quark singlet, while the other three of j; = 1
form heavy-quark doublets. These multiplets provide lots
of P-wave charmed baryons. For example, there can be as
many as seven P-wave €. states theoretically, including
three J* = 1/2-, three J* =3/27, and one J* =5/2"
states. Previously, it seems impossible to observe all these
P-wave Q, states experimentally. However, the recent
LHCb experiment observed as many as five excited Q.
states at the same time [1] [actually this number is six if the
Q. (3188)? is included], suggesting that “an ideal platform
to study these structures (the gross, fine and hyperfine
structures of the strong interaction) is the heavy hadrons
containing one charm or bottom quark [14]”.

In this paper we shall further use the method of light-
cone QCD sum rules [86—105] to study the decay proper-
ties of these P-wave charmed baryons, the method of which
is also based on the HQET. We shall only study their
S-wave decay properties, and note that their D-wave decays
can also happen but these contributions may not be
significant. Our sum rule calculations will be done sepa-
rately for the above eight charmed baryon multiplets.
However, because the heavy-quark symmetry is not perfect,
the physical states are probably mixed states containing
various components with different inner quantum numbers.
Hence, we shall also discuss the mixing of these charmed
baryon multiplets in this paper, where we shall find that the
decay properties of the P-wave charmed baryons are quite
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sensitive to this. We refer to Refs. [106—113] for earlier
studies using the method of light-cone QCD sum rules in
the framework of HQET. The decay properties of heavy
baryons have also been studied using many other methods,
such as in Ref. [114] where the one-pion transitions
between heavy baryons were investigated in the constituent
quark model based on the heavy-quark symmetry.

This paper is organized as follows. First in Sec. II
we reevaluated and listed the input parameters for the
present study, including the masses, decay constants, and
interpolating fields of the ground-state and P-wave
charmed baryons. Then in Sec. III we investigate the decay
properties of the flavor 3 P-wave charmed baryons within
the method of light-cone QCD sum rules, and we shall
study their S-wave decays into ground-state charmed
baryons accompanied by a pseudoscalar meson (7 or K)
or a vector meson (p or K*). Using the same procedures, in
Sec. IV we investigate the decay properties of the flavor 65
P-wave charmed baryons, and we shall study their S-wave
decays into ground-state charmed baryons accompanied by
a pseudoscalar meson (z or K). The results are summarized
and discussed in Sec. V.

II. GROUND-STATE AND P-WAVE
CHARMED BARYONS

To study the decay properties of charmed baryons in the
method of light-cone QCD sum rules, we need some
parameters of these states, such as their masses (mp),
interpolating fields (J*~%-12), decay constants (f), and
threshold values (w,), etc. These parameters are defined
below, while their values are listed separately in the
following three subsections for both ground-state charmed
baryons, P-wave charmed baryons of flavor 3 and P-wave
charmed baryons of flavor 6.

The coupling of the interpolating field J*--%-12(x) to
the charmed baryon B of spin j is defined to be

(0|J1- @112 (x)| B = faut-a-12(x), (1)

where f is the decay constant, and u* % is the relevant
spinor.

Then the two-point correlation function at the hadron
level can be written as

Hul..Arll-,l/z,/)’l..4/31»,,/2(0)) — i/d4xeikx<O|T[J""“”f'/2(x).7/}""ﬁf'/2(0)]|0>

_ S[gftllﬂl mg‘t"j—l/zﬁj—l/z] «

_ S[g;xl/il mgfj—l/zﬁj—l/z

l+v»
X HF,j,,s,,/)/)/M//Jﬂ(w)’
1+ iz
] x (- /5 + higher states |. (2)
2 AB - @
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Here S[---] denotes symmetrization and subtracting the
trace terms in the sets (a;...aj_y ;) and (fy...;_1,2); @ is

the external off-shell energy @ = v - k; Ag is defined to be

Ag= lim (mg—myg), (3)

mgp—oo

where m, is the heavy-quark mass, and my is the mass of
the lowest-lying charmed baryon state coupling with
J(l] c Qg2 (.X)

At the quark-gluon level, one can calculate the two-point
correlation function, Eq. (2), using the method of QCD
operator product expansion (OPE). By assuming the con-
tribution from the continuum states (higher states) can be
approximated well by the OPE spectral density above a
threshold value ., one can arrive at the mass sum rule
relation which can be used to calculate masses and decay
constants of charmed baryons. See Refs. [50-52] for
detailed discussions, and their results are reevaluated and
listed below.

A. Ground-state charmed baryons

The masses and decay constants of the S-wave bottom
baryons have been systematically investigated in Ref. [50]
using the method of QCD sum rules in HQET. We replace
the bottom quark by the charm quark, reevaluate their
parameters, and shortly summarize the results here. For
completeness, we first list masses of the ground-state
charmed baryons from PDG [2]:

A (1/2%): m = 2286.46 MeV,
E.(1/2): m = 2469.34 MeV,
>.(1/2%): m = 2453.54 MeV,
I = 1.86 MeV,
. = 3.94 GeV~,
EL(1/2%): m = 2576.8 MeV,
Q.(1/2%): m = 2695.2 MeV,
(3/2%): m = 2518.1 MeV,
I = 14.7 MeV,
sinn = 7.39 GeV~,
B:(3/2%): m = 2645.9 MeV,

¢l

I' <43 MeV,
oz, < 4.90 GeV™,
Q:(3/2%): m =2765.9 MeV, (4)

whose values have been averaged over isospin. We also
list masses of the ground-state pseudoscalar and vector
mesons [2]:
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7z(07): m = 138.04 MeV,
K(07): m = 495.65 MeV.,
p(17): m =1775.21 MeV,

I' = 148.2 MeV,
Gpan = 594,
K*(17): m = 893.57 MeV,
I'=49.1 MeV,
Ik ke = 6.40. (5)

In these equations there are five coupling constants, gs A .
95:A, 7> 928,05 Gpanr a0 ggog,, Which are evaluated using
the experimental decay widths of the X.(1/27%), £5(3/27),
E:(3/2%), p(17) and K*(17) [2] through the following
Lagrangians:

Ly az= gchcﬂijVﬂsAfa”ﬂo + ey

— S+ A+ 0
ﬁZﬁAL.zr - ng‘.AL;rzcy Ac Hr’ + - ’

Lz, = garz Bt BEO#a’ + -+,
— 0 - 0. -
‘Cpmr = Gpar X (py”+aﬂﬂ +pﬂ” aﬂﬂ+) +
Likr = gk KT K #n’ + -, (6)
where - -- contain their isospin partners as well as their

hermitian conjugate.

The ground-state charmed baryons have been system-
atically investigated in Ref. [50], which compose one flavor
3, multiplet of J* = 1/2%, one flavor 6 multiplet of
JP = 1/27, and one flavor 6, multiplet of J* = 3/2%. The
two flavor 6, multiplets of J” = 1/2% and 3/2* compose
one charmed baryon multiplet where the spin of the two
light quarks is s; = 1, and the flavor 3 multiplet of J* =
1/2" composes another charmed baryon multiplet where
the spin of the two light quarks is s; = 0. The results of
their mass sum rules are [50]

(1) The flavor 3 multiplet of J” = 1/2* contains

AF(1/2%), EF(1/2%) and E2(1/2%), which can
be well coupled by the following interpolating fields:

Iar (%) = €ape[u” (x)Crsd” (x) |5 (x), ()
Jet (x) = €qpe[u (x)Cyss® (x)]hG(x),  (8)
J=0(x) = €ape[d (x)Crss” (x)]R5(x),  (9)

where a, b and c are color indices; €, is the totally
antisymmetric tensor; C is the charge-conjugation
operator; the superscript T represents the transpose
of the Dirac indices only; u(x), d(x) and s(x) are the
light quark fields at location x; h,(x) is the heavy-
quark field at location x. Based on the results of
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Ref. [50], we evaluate their parameters to be
/_\AI =0.773 GeV, /_\Ej? :/_\59 =0.908 GeV, fp+ =
0.0255 GeV? and fz: = fz0 = 0.0258 GeV?, with
the threshold values a)Aril.l GeV and wz: =
wz0 = 1.25 GeV. ‘ ‘
The flavor 6 multiplet of J” = 1/2" contains
TSE(1/2%), EE(1/2Y), Z(1/2%), EF(1/2%),
E0(1/2%) and Q9%(1/2%), which can be well
coupled by

Ts(x) = €ape[u” (x)Cr,u® (x)]riyshi(x).  (10)
5 (%) = €ape[u” (x)Cr,d” (x)]riyshi(x). (11)
T50(x) = €apeld” (x)Cy,d” (x)]riyshi(x).  (12)
Jz(x) = €ape[u” (x)Cr,us” (x)]riyshi(x),  (13)
Jzp(x) = €ape[d™? (x)Cr,s® (x)]riyshi(x),  (14)
Top(x) = €apelsT (X)Cr,us” (x)]riyshi(x).  (15)

Based on the results of Ref. [50], we evaluate their
parameters to be Az# = AE+ Azo = 0.950 GeV,
/_\E’i = /_\Eip = 1.042 GeV, Agg = 1.169 GeV,
S5 fre = fsr =25 fx = 00432 GeV?,  fop =
f=o =0.0435 GeV? and \/Lifgg = 0.0438 GeV?,
with the threshold values wy:+ = wyr = w50 =
1.3 GeV, wg+ =wgo =1.4GeV and wg =1.55 GeV.
The flavor 6; multiplet of J” =3/2" contains
TH(3/2%), TE(3/27), T0(3/2%), BEF(3/2%),
2:0(3/2%) and Q:°(3/2%), which can be well
coupled by

J§;++ (x) = €abc[”aT(x)C7p b(x)]

(et 4 3 st (10

P (5) = ol (1) ()
(=t 43 s, (10

Phol5) = Cancd (1)Cr, ()
< (=43 . ()

P (6) = e T (2)Cr, (5]
(= 577 0. 19)
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J;Eljo (x) = €abc[daT( )ny b(x
< ~d/ e gLl
s (x)Cy, s (x)]

(=t 4 3o st @)

= €abc [

Based on the results_ of Ref; [50], we evaluate their
parameters t0 be Ay =Ag+ =A50=0.950GeV,
/_\EZ& — /_\Ez«‘O — 1042 GeV, /_\Q:O — 1169 GeV,

%f2:++ :fzzd» :%fzjo :%0.0432 GeVS, fEf+ -
Sz 2%0.0435 GeV? and %fgzo 2\%0.0438 GeV?,

with the threshold values wy:++ = wg+ = w0 =

13 GeV, @z =wzo =14 GeV and wgo =

1.55 GeV. ‘ ‘
We list all these values in Table 1.

B. P-wave charmed baryons of flavor 3,

The four observed states A.(2595) (J¥ =1/27),
A.(2625) (JP =3/27), E.(2790) (P =1/27) and
2.(2815) (J* =3/27) probably complete two flavor 3
multiplets of J© = 1/2~ and 3/2~ [2]. Accordingly, in the
present study we assume masses of the P-wave charmed
baryon states of flavor 3 to be

A (1/27): m =2592.25 MeV,

A(3/27): m =2628.11 MeV,

=2790.5 MeV,
2818.1 MeV,

):im
T)im= (22)
which values will be used in Sec. III to evaluate their decay
widths.

The masses and decay constants of the flavor 3 P-wave
charmed baryons have been systematically investigated in
Refs. [51,52] using the method of QCD sum rules in
HQET, and our results suggested that the A.(2595),
A.(2625), E.(2790) and E.(2815) can be well described
by the baryon doublet [3,1, 1, p] and they complete two
3, multiplets of J” = 1/2~ and 3/2~; while the results
obtained using the baryon doublet [3,1,0, 1] seem also
consistent with the data. We note that the definition of the
external off-shell energy w in the present study is different
from that used in Refs. [51,52]. Hence, in the present study
we also reevaluate their parameters, and shortly summarize
their results in the following

Based on HQET, we use J' P r s / , todenote the P-wave
charmed baryon field couphng to |j, P, F, j;, s;,p/A), where
J, P, and F are the total angular momentum, parity and flavor
representation (either 3, or 6) of the charmed baryons, and

aj-1/2
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TABLE L.

The parameters of the ground-state charmed baryons. The two flavor 6, multiplets of J© =
charmed baryon multiplet where the spin of the two light quarks is s, = 1, while the flavor 3 multiplet of J* =

PHYSICAL REVIEW D 95, 094008 (2017)

1/2% and 3/2" compose one
= 1/2" composes another

charmed baryon multiplet where the spin of the two light quarks is s; = 0.

Multiplets Baryon Mass (MeV) o, (GeV) A (GeV) f (GeV?)
[3r.1%] AF(1/2%) 2286.46 1.10 0.773 0.0255
wm /2%) 2467.8 1.25 0.908 0.0258
=20(1/2%) 2470.88 1.25 0.908 0.0258
(6, 1] Ti(1/27) 2453.98 1.30 0.950 V2 % 0.0432
TH(1/27) 2452.9 1.30 0.950 0.0432
30(1/2+) 2453.74 1.30 0.950 V2 % 0.0432
ZH(1/2%) 2575.6 1.40 1.042 0.0435
Z0(1/2%) 2577.9 1.40 1.042 0.0435
Qi (1/2%) 2695.2 1.55 1.169 V2 % 0.0438
[67.37] T (1/21) 2517.9 1.30 0.950 \ﬁ % 0.0432
2x0.
TiH(1/2%) 2517.5 1.30 0.950 \ﬂ  0.0432
=0(1/2%) 2518.8 1.30 0.950 \/5 % 0.0432
3
2t (1/21) 2645.9 1.40 1.042 \ﬁ % 0.0435
3
=Z:0(1/2%) 2645.9 1.40 1.042 \ﬁ % 0.0435
3
Qit(1/2%) 2765.9 1.55 1.169 \/ % 0.0438
2x0.

Jj; and s; are the total angular momentum and spin angular
momentum of the light components. We use /, to denote the
orbital angular momentum between the two light quarks, /; to
denote the orbital angular momentum between the charm
quark and the two-light-quark system, and then p to denote
[, =1and [, =0, while A to denote [, =0 and [; = 1. We
have the relations L=0,®1[,, j;,=L®s;, and j=
Ji1 ® sg, where 55 = 1/2 is the spin of the heavy quark.
This field JJ,P’FJI";ZW
[F, ji,s1,p/4]-

There are altogether four P-wave charmed baryon
multiplets of the flavor 3z, [37,0,1,p], [3z.1,1,p],
[37,.2.1,p], and [35,1,0,1]. The results of their mass
sum rules are [51,52]

(1) The [37,0,1,p] multiplet contains A/ (37) and

E$0(47), which are coupled by

belongs to the baryon multiplet

= i€ ([Diq"T]Crlq"
— ¢y [Dq"))hs

where DH = 0! —igA#* is the gauge-covariant
derivative. We can further explicitly denote the
quark contents by simply replacing 37 by A, and
E.. For example, we use Jy/, =+, to denote
J1/2.-3.01, With the quark contents usc:

‘]1/2.—,3F,0,1,p
(23)

ieabc ( [D’;””T] Cy’tlsh
—uT Cy{[D}'s"))h;

J1/2.—,Ej,o.1,p =
(24)

094008-5
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Based on the results of Refs. [51 52] we evaluate

their parameters to be A Af-) = 0.987 GeV,
/_\#o(% )y = 1181 GeV, fy:- —0 0198GeV4 and
f={ 1y = = 0.0296 GeV*, w1th the threshold values

Opf () = = 1.75 GeV and Wgrol-y = 1.55 GeV.
The [3;,1,1,p] multiplet contains A (}~/3) and
E&9(1/37), which are coupled by

= ieabc([,ly;qaq Cylt/qb
— q“TCy! D} q"))ot" b5,

11/2,—,5F,1,1,p
(25)

IS 5,00, = €ac([Diq"|Criq" —q* Cri[D/q"))

1
(g?” Yirs— gt riys— e Yirivs
1 a,,U,H c
+aririnys | (26)

Based on the results of Refs_. [51,52], we evaluate
their parameters to be AAj(%- /%_):1.164GeV,

Ar—+0( /2 )—1.349G6V, fA?(%i) - 00523 GeV4,

faroan @) =0.0788GeV*, fAj(%f):O.OSBGeV“ and
f:+,o = 0.0788 GeV*, with the threshold values
Wpr (- 7)71 55GeV and wz o 1) = = 1.8 GeV.

The [3F,2, 1, p] multiplet contams A3 /57) and
24037 /37), which are coupled by
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. 2
J?/Z,—,ip,z,l,p = ieape([Df q“TICriq" — " Cri[Df q"]) x (g(zlﬂﬂh + griys - gglfy7775> hs, (27)
T35 3,00, = t€ae([Diq"|Criq" = q* Cr{[Drg"]) x T%#hi, (28)

where [™1*:# is the projection operator:

repuw — aﬂgﬂ +g gﬁﬂ__ ﬂ‘d’ —

1
+ Er?ﬁ vy +

Based on the results of Refs. [51,52], we evaluate
their parameters to be AA+( -5) = = 1.339 GeV,

A—+0( -5y = = 1510 GeV,  fr+e =0.0578GeV*,

farogy=0.0901GeV*,  frre) = %0.0578 GeV*4
and f—+0 o) = \}-0 0901 GeV*, with the threshold

values a)A+<% /5=1.8GeV and wg . e )—2 0GeV.

(4) The [3;,1,0,1] multiplet contains Af(3~/37) and
E:°(1-/37), which are coupled by

J12— 3,100 = €anc([DF *TICrsq” + ¢ Cys[Df ¢%])

xyiyshs, (30)
Jg/z 371,04 leabc([D”qMT]CySQ +ancy5[/D”q D
(a5t G1)

Based on the results of Refs. [51,52], we evaluate

their parameters to be AA+ Sy = =0.961 GeV,
A~+0( -y = = 1.057 GeV, fA; (- = 0.0201 GeV*,
farou-y = 0.0255 GeV*, Fare) = \/%0.0201 GeV*

and ijo(%_> = \/%0.0255 GeV*, with the threshold
values  @,+-3-) = 1.45 GeV  and Ogro(1- /) =
1.55 GeV.

We also list these values in Table II.

C. P-wave charmed baryons of flavor 65

The three observed states X.(2800) (J© = ?%), .(2930)
(JP = ?")and £,(2980) (J¥ = ?”) may be P-wave charmed
baryon states of the flavor 6. Besides them, there are five
excited Q. states recently observed by LHCb [1]: the
Q.(3000), ©2.(3050), Q.(3066), .(3090), and Q.(3119),
which may also be interpreted as P-wave charmed baryon
states of the flavor 6. Accordingly, in the present study
we assume the masses of the P-wave charmed baryon fields
to be

g?’”yf vi
J’t 7t7ﬂ71 ‘|‘ ?’ﬂyﬂyr vi +

1 1 1
- —9?”755%’ - ggf”y?‘ﬂ - ggf”}"i‘r’f

71 yive Vt (29)

. m=~ 2800 MeV,

: m~2950 MeV,

:m~3100 MeV,

1
N—— N N~

:m~3120 MeV,

W NI~ W W

which values will be used in Sec. IV to evaluate their decay
widths.

The masses and decay constants of the flavor 6 P-wave
charmed baryons have been systematically investigated in
Refs. [51,52] using the method of QCD sum rules in
HQET, and our results suggested that the baryon doublet
[65,1,0,p] contains X.(1/27,3/27), E.(1/27,3/27), and
Q.(1/27,3/27), and its obtained results are consistent with
the observed states X.(2800) (J* =?7) and E.(2980)
(JP =27, while the results obtained by using the baryon
doublet [6£,2,1,4] are also consistent with them. We
shortly summarize their results in the following.

There are altogether four P-wave charmed baryon
multiplets of the flavor 6, [67,1,0,p], [6£,0,1,4],
[65,1,1,1] and [65,2, 1, 4], and the results of their mass
sum rules are [51,52]

(1) The [6,1,0,p] multiplet contains =& ™"0(1=/37),

B:0(4-/37) and Q2(1~/37), which are coupled by

J1/2,- 6,10 = €ane([DF 4“7 Cysq” — q*T Cys[Df "))
Xyiyshs, (32)

IS 260100 = €anc([Diq*|Crsq” — ¢ Cys[Diq"))
1

(g‘f” e ) hS. (33)

Based on the results of Refs. [51,52], we evaluate
their parameters to be /_\Z:+,+.o(%, = 1.224 GeV,

A—/+0( -y = = 1.422 GeV, /_\Q%_/%_) = 1.641 GeV,

094008-6
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TABLE II.
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The parameters of the P-wave charmed baryons of flavor 3. In Ref. [51] we have systematically evaluated masses of the

P-wave charmed baryons, and our results suggested the four observed states A.(2595) (J© = 1/27), A.(2625) (JP = 3/27), E.(2790)

(JP 1/27)and E,(2815) (J® = 3/27) can be well described by the baryon doublet [3, 1, 1, p] and they complete two 3 multiplets of
= 1/2" and 3/2-, while the currents belonging to the baryon doublet [3;, 1,0, 1] seem also consistent with the data.
Multiplets Baryon w, (GeV) T (GeV) A (GeV) f (GeV*h)
[3£.0.1,p) AFE) 1.75 ~0.37 0.987 0.0198
=5 () 1.55 ~0.38 1.181 0.0296
E?(%_) 1.55 ~0.38 1.181 0.0296
[§F, 1,1,p] Aj(%—/%—) 1.55 027 < T <0.30 1.164 0.0523/0.0523
B3 1.80 027 <T <0.32 1.349 0.0788/0.0788
EX$/3) 1.80 027 <T <0.32 1.349 0.0788/0.0788
B3r.2.1.p] NG/ 1.80 ~0.30 1.339 0.0578 /\@ x 0.0578
BLG7/3) 2.00 ~0.33 1510 0.0901 /\@ x 0.0901
2G7/45) 2.00 ~0.33 1510 0.0901 /\@ x 0.0901
[37.1,0,4] AF(E /3 1.45 ~0.30 0.961 0.0201/ \A % 0.0201
LGT/3) 1.55 ~0.32 1.057 0.0255 /\A x 0.0255
2G/5) 1.55 ~0.32 1.057 0.0255 /\@ x 0.0255

@

3)

%fzfr.o(%_) = fo(%‘) =0.0437 GeV4, fEL.*'O(%—) =
0.0680 GeV4, L fop)=0.108GeV4, Jfyiay =

fZ+ o 0437 GeV faro %O.O680Gev4
ﬁ fQo + \/—0.108 GeV4, w1th the threshold
values

a)2+++0( /3 ) = =1.7 GCV a)—«+o( /3 ) =
1.95 GeV and WQO(1-/3) = 2.2 GeV.

The [65,0,1,4] multlplet contains X THO(L),
AR 0( ~), and Q2(37), which are coupled by

J12.- 60010 = €anc (DY q4“TICYE q" + ¢“T CY{ [Di/ ¢"))
< hE. (34)

Based on the results of Refs. [51,52], we evaluate
their parameters to be /_\EEH,H)(%,) = 1.100 GeV,

/_\E/:.o(%,) = 1.295 GeV, /_\99(%_) = 1.504 GeV,
Jfrroa) = frigr) = 0.0344 GeV*, forop) =
0.0512 GeV*  and %fgg(%_) = 0.0804 GeV*,
with the threshold values W0ty = 1.45 GeV,
Do) = 1.7 GeV and W0y = 1.95 GeV.

The  [6p.1,1,4] multiplet —XITT0(L-/3-)
B:70(4=/37), and Q2(1/37), which are coupled by

J12- 60110 = i€ape([Df q*T|Cri g + q*T CrY (D) q"))
x o ke, (35)

“

094008-7

IS a—6pna = €apc([DIqT|Criq" + " Cr{[Diq"))

1
x <9§”‘ Yivs—givivs —gﬁﬂ Yivs

1
Vi vt 75) h. (36)
Based on the results of Refs. [51,52], we evaluate

their parameters to be Az**“’( ) = = 1.066 GeV,

Agrogjey = 1181 GeV., Aguy- ) = 1270 GeV,
%fzj"k()(%,) = ij(%‘) = 0.0349 GeV*, fEﬁf‘O(%*) =
0.0451 GeV*, L= fop) = 0.0546 GeV*,
1 _ _ 4 _
%for'O(%*) = fzr(%—) = 0.0349 GeV R fE/;r.O(%,) =
0.0451 GeV* and \/Lifgo ) = 0.0546 GeV*, with

the threshold values Wy 4013y = = 1.75 GeV,
Wgrro(1- 3y = = 1.75 GeV and wgoi-s3) = L. 75 GeV.
The  [67,2,1,4]  multiplet 2+++°( “/3),
E:70(37/37), and Q2(3-/3), which are coupled by

J3/2 65210 leabc([D”an]Cyuq "’anCVIt/[D’;qu
X (g‘f"r?}'s + 97 7iys — g’f”r?’ys>hz,
(37)

IS5 6200 = €ape([DIq"|Criq" + 4" Cr{[Diq"))
x T e (38)



CHEN, MAO, CHEN, HOSAKA, LIU, and ZHU PHYSICAL REVIEW D 95, 094008 (2017)

Based on the results of Refs. [51,52], we evaluate III. DECAY PROPERTIES OF FLAVOR

their parameters to be Az**”( -5y = =1.099 GeV, 3F P-WAVE CHARMED BARYONS

A~’+°( -/ = = 1.254 GeV, AQO( ) T = 1.461 GeV, In this section we use the method of light-cone QCD sum
\/j fz++-° fz* 1y = =0.0395 GeV*, faro - = rules to study decay properties of the flavor 3 P-wave
0.0559 GeV4, G L\/.fgo — 0.097 6 G2€V4, charmed baryons. We only study their S-wave decays into

| | 2 . ground-state charmed baryons accompanied by a pseudo-
ﬁf 5H0E) = f 56 T ﬁ0'0395 GeV?, f G T scalar meson (z or K) or a vector meson (p or K*). Because
%0.0599 GeV* and % fag) = ﬁ0.0976 GeV*,  the masses of the flavor 3, P-wave charmed baryons are
with the threshold values Wy 4035 = 1.5 GeV,  sometimes below the two-body decay thresholds (such as

A(3/27) - Z5(3/27) + x), we also study their three-
=03y = 1.75 GeV and sy = 2.0 GeV. ¢ ¢
D) eV ane Pangp ¢ body decays, which are kinematically allowed [such

We also hst all these values in Table III as A,(3/27) > £:(3/27) + 1 = A(1/2%) + 7 + 7l.

TABLE III. The parameters of the P-wave charmed baryons of flavor 6. In Ref. [51] we have systematically evaluated the masses of
the P-wave charmed baryons, and our results suggested that the baryon doublet [6, 1, 0, p] contains =.(1/27,3/27), E.(1/27,3/27),
and Q.(1/27,3/27), and its obtained results are consistent with the observed states X, (2800) (J© = ?”) and E.(2980) (J* = ?7), while
the results obtained by using the baryon doublet [6,2, 1, 4] are also consistent with them.

Multiplets Baryon w, (GeV) T (GeV) A (GeV) f (GeV*h)
[65.1.0.p] (-3 1.70 026 < T <0.32 1.224 V3 x 0.0437) \/% % 0.0437
zj(% /% ) 1.70 0.26 < T <0.32 1.224 0 0437/\% % 0.0437
. 1% 0.
01— /3—
zc(E /5 ) 1.70 0.26 < T <0.32 1.224 V2 % 0'0437/\/% % 0.0437
= (% /% ) 1.95 0.26 < T <0.35 1.422 0.0680/\/% % 0.0680
=0 (% /% ) 1.95 0.26 < T <0.35 1.422 0.0680/\@ % 0.0680
Qj(% /% ) 2.20 025 <T <039 1.641 V2 x 0.108/\/% % 0.108
[65,0,1,7] 3 1.45 ~0.29 1.100 V2 x 0.0344
>F (%—) 1.45 ~0.29 1.100 0.0344
zg(%—) 1.45 ~0.29 1.100 V2 x 0.0344
Eﬁf(%‘) 1.70 0.27 < T <0.32 1.295 0.0512
520(%_) 1.70 027 < T <0.32 1.295 0.0512
QF %—) 1.95 0.27 < T <0.33 1.504 V2 % 0.0804
[67.1,1,1] A 1.75 032 < T <0.34 1.066 V2 x 0.0349/+/2 x 0.0349
P (%‘/%—) 1.75 032 <T<0.34 1.066 0.0349/0.0349
zg(%—/%—) 1.75 032 <T<0.34 1.066 V2 x 0.0349/\5 x 0.0349
= (%—/g—) 1.75 ~0.35 1.181 0.0451/0.0451
=0(1-/3) 1.75 ~0.35 1.181 0.0451/0.0451
Qr (/3 1.75 ~0.36 1.270 V2 x 0.0546/+/2 x 0.0546
[67,2,1,4] P (%—/%—) 1.50 0.27 < T <0.29 1.099 V2 x 0.0395/\/% % 0.0395
=it (%‘/%‘) 1.75 0.26 < T <0.32 1.254 0.0599/\@ % 0.0599
E;O(%‘/g‘) 1.75 0.26 < T <0.32 1.254 0.0599/\£ % 0.0599
Qj(%*/%‘) 2.00 0.26 < T < 0.36 1.461 V2 x 0.0976/\/% % 0.0976
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The possible decay channels are

(a) T[A(1/27) > E:(1/2F) + 7]

PHYSICAL REVIEW D 95, 094008 (2017)

=T[Af(1/27) > ZH(1/27) + 2% +2xT[AF(1/27) > 5 (1/25) + 27 = AL (1/21) + 2t + 727, (39)

(b) T[A(3/27) = Z:(3/2")+m - A.(1/27) + 7+ 7]

=3xT[AF(3/27) = 2 (3/2%) + 7 = AL (1)27) + 7zt + 77, (40)
(&) TIE(1/2) = B.(1/2) 4 7] = 3 x T[E(1/27) — B (1/2%) + ], (@)
(d) TE(1/27) = A(1/27) + K] =T[E2(1/27) = AL (1/2%) + K7], (42)

(e) T[E(1/27) = E(1/27) +p = E(1/27) + 7 + 7]

3
=5 xTEN(1/27) = BH(1/2) +p7 > BH(1/2) + 2+ 7], (43)

(F) TE(1/27) — ZL(1/2) 4 7] = x TE1/27) = B (1/2%) + 7], (44)

(9) T[E(3/27) = E(1/27) +p~ = E(1/27) + 7 + 7]

3
=X [[E2(3/27) - EF(1/2%) +p~ > EF(1/27) + 2% + 27, (45)
3
(h) T[E.(3/27) - Ei(3/2T) 4+ 7] = 2 xT[E2(3/27) = E:F(3/2%) + 7], (46)
|
which can be calculated through the following  3/+°: ; x2453.86 MeV, TF: m = 24529 MeV,
Lagrangians: n 0
z*: m=139.57 MeV, 7’ m= 13498 MeV.
= Besides these channels, we also assume masses of the
1- = grrnoyit ~ AT N 4 ‘
(@) Lapioza = Iarplozin A_C (/2% + A.(5/27) and E.(5/27) to be around
(b) L pyosin = Inrpios - N (3/27) 25 7™ + -,
(€) Loz, = gz, B0(1/27)E A + -+ A(5/27): m ~2850 MeV,
= _ _ 2.(5/27): m~3000 MeV, 48
(d) EEC[;]—H\[K = 959[%-]_>A:K-52(1/2 JIASK™ + -+, (5/27) (48)
(e) 535[%-]—@.,; = 939.[%—]—@;,)-39-(1/ 2_)}’;47’55;0; +- so that the following decay channels are kinematically
(f) EEJ;]—’E’M = gE?[{]—E’C*n’E(C)(1/2_)Elc+77_ Tt allowed:
(9) Lagiozy = 92zt Ba(/2)E 0+ (i) T[A(5/27) = Zi(3/2%) +p = Zi(3/2°) + 7+ 7]
(h) Lz p)ozie = g=fylomaEou(3/27) 5 + . =3 xT[AL(5/27) = ZH(3/2%) +p~

(47)

We note that the mass of the A.(2595) is above the
threshold of T}z° but below the thresholds of X +z~
and X27", so we evaluate both its two-body decay
A.(2595) - =2 and three-body decays A.(2595) —
ST > Afztr and A.(2595) - 0t - Afnta,
using [2]:

- T (3/2%) + 2% + 77, (49)

(/) T[E(5/27) = E(3/27) +p - Ei(3/2") + n + 7]
_ % « T[EY(5/27) — 2+ (3/2%) + p-

- EF(32Y) + 2%+ 7], (50)

and can be calculated through the following Lagrangians:
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(l) ‘CA T2 T gAi[%’]—»Ziﬁ**p’[_\j;w(s/z )Z*++p1/ +e

(/) ‘CE(:[}]—’E(*-/’ - gE?[%’]ﬁE?*/)’Egﬂv(s/z JE&ipy +

2

(51)

As an example, we shall first study the S-wave decay of
the 2%(1/27) belonging to 3, 1,1, p] into 2.7 (1/2%) and
7~ (07) in the next subsection, and then separately inves-
tigate the four charmed baryon multiplets of flavor 3,
[37.0.1,p], 3¢, 1.1,p], [35.2.1,p] and [3, 1,0, 4], in the
following subsections.

A. E%(1/27) of [35.1.1,p] decaying into
E.f(1/2*) and z~(07)

As an example, we evaluate the following three-point
correlation function to study the S-wave decay of the
=2(1/27) belonging to [37,1,1,p] into E.(1/2%) and
7 (07):

(e, o) = / dxe O 1y zo 1, (0) Tz ()|

PHYSICAL REVIEW D 95, 094008 (2017)

The currents J,, _=z0;,, and Jz+ have been defined in
Egs. (25) and (10), and couple to E%(1/27) belonging to
[37,1,1,p] and EF(1/2%), respectively. The function
GEQ[%‘]—EQ*;F has the following pole terms at the hadronic

level from double dispersion relation:

f:O[l—]f5/+
Gzop- SEt (W, = 0] »EF X —= e ¢
2ozt (@, 0') = geop) (R =) (A —)
C/ C
A ; 54
+A:‘ [ ]_(1), A""+—CU ( )

where the S-wave coupling constants ggop-j_ g, 1S

defined through the following Lagrangian:

Lz frj-zr = 9=0p]oz S (1/27)E ™ + (55)

¢ and ¢’ in Eq. (54) are free parameters which can be

1 —H/G (@, 0) (52) suppressed by the Borel transformation. The three-
=T TELTES point correlation function I(w,®’) can also be calcu-
lated at the quark-gluon level using the QCD operator
where product expansion (in our calculations we have used
the software Mathematica with the FeynCalc pack-
k’:k+q, co’:v‘k', w=uv-k. (53) age [115]):
|
Fapfz
GE?[%-]_EQM- (w,0") = 920k~ X (A—o[1 - )(A=/+ ~ o)
—u)w't ,iuw 3lfﬂ' 3lfﬂ7j q 3lfﬂ'
/ dt/ due' 1711 it x4 x ( gy ¢27r( )+W¢4ﬂ( u) + mw;n(”)
lfﬂmﬂ” q lfﬂmﬂtzv q - ifrrmn'v q
L 4 T T Gs) s, P Y 5
24(mu + md) <SS>¢3JT(M) + 384(mu T md) <gSSG S>¢3,n(u) + 87[212(1/11“ + md) ms¢3,7r(”)
if;;U'q - ifntzv'q - lfﬂ -
16 ms<ss>¢2;ﬂ(u> + 256 ms<ss>¢4;ﬂ<l’{) + 160 - qms<ss>‘l/4;ﬂ(”)
3
/ dt/ du/melw’aﬁmh iot(l-a—uas) 5 4 x < lg”zvzq 4;ﬂ(g)—l];”v S )

if20-q =
+ 8”22

ifz0-q
(D4n( )+ e lP4ﬂ( )+

w q)4;ﬂ (Q) + M lI"At;zr (Q)) >

(56)

47212 27212

which contains many light-cone distribution amplitudes, whose definitions and explicit forms can be found in
Refs. [89-96]. As examples, we list the light-cone distribution amplitudes of the K meson in Appendix B. Their values
can also be found in these references, and in the present study we work at the renormalization scale 1 GeV. The condensates
contained in this sum rules take the following values [2,116-123]:
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—(0.24 GeV)?,
(0.8+£0.1) x (7).
(o 48 +0.14) GeV*,

(q9) =
(ss) =
(6:GG) =
(9:q0Gq) =
) =

PHYSICAL REVIEW D 95, 094008 (2017)

x (qq),
(9,50Gs x (3s),
M2 =038 Gev2 (57)

After Wick rotations and making double Borel transformation with the variables @ and @' to be T; and T,

we obtain

g A
2 “c

f~r+e e h

T

du 327°

_ 4X( f,,T%( )dqszﬂ(uo) e T4f%<T>d¢4;quo> T f3( ) [* v

famz dipS..(uo)
_24(mu+md)< >T2f‘<T> e

2
fﬂmzrms

384(m, + my)

82 (m, + my)

+ n <§S> d¢4§ﬂ(u0) _ fn:m

du 16
dy,.
K <§S> l//4,7r(u0)

d¢3 ﬂ(”O) fﬂm
T*f5 < T)

du 16
ug f
d 24
+ A % X 270,
— /uo dal X ‘fzﬂ
0 2 [¢%]

du

famz (g,56Gs) Lb LEMO)

du

e () o)

T4f3 (%) (3q)4 n(a) 2lP4 Jr(a) + q)4 ﬂ( ) + 211}4 n( ))|a] =ug,03=1—uy—a,

wC
73 (22)  (3@un(e) = W) + D) + 20400t

+/ daZXf—T4f3<T> ((D47z( )+2‘P4n< )>|a1 =ug,03=1—uy—a,

/ / da'; X
uy—a

T T\T _ ok
ity | = 741, and f,(x) =1—-e™ 3> % 37

We work at the symmetric point 7y =T, = 27T, so
uy = 1/2. Now the coupling constant gl only

where u, =

A
depends on two free parameters, the threshold value w, and
the Borel mass 7. After choosing @, = 1.60 GeV [the
average of the thresholds of the E.(1/27) and E" mass
sum rules], we show gzon-1_ v+ .- as a function of 7'in Fig. 1.

The working region for T has been reevaluated and listed in
Table Il to be 0.27 GeV < T < 0.32 GeV, where we obtain

(f)g:o[7 g = =0.21 +(())(ig 0.21 +0.03 +0.06 +0.13 +0.00

-0.01 ~0.04 ~0.06 —0.00 -
(59)
Using this value and the parameters listed in Sec. II, we
further obtain
(Nl )ozir = 16759 MeV

=1. 6+05+10+25 -+0.00 MeV,

—-0.1 =0.5 -0.8 —-0.00 (60)

T“fa( ) % (@nla) + 2¥an()

(58)

|
where the uncertainties mainly come from the Borel mass
(0.27 GeV < T < 0.32 GeV), the parameters of the Z."
(wg+ = 1.4 £0.1 GeV, /_\57 = 1.042 £ 0.080 GeV, and
f=+=0.0435+0.0080GeV?), the parameters of the E_[1~]

0.4 e — -0.4
,"Fo 0.3 i ; | 10.3
g S
1 SN~
02 P 02
a .
o .
0. I | 0.
0.2 .27 0.295 0 32 04 0.5
Borel Mass [GeV]
FIG. 1. The coupling constant gzop-_z-,- as a function of the

Borel mass 7. The current J, /2~_.39_1"1~/, belonging to the baryon
doublet [3F, 1,1,p] is used here.
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(a)Eg[{] =1.8£0.1 GeV, /_\39[ = 1.349 £ 0.130 GeV,

-
2
and fzop- = 0.0788 + 0.0280 GeV*), and various quark
masses and condensates listed in Eq. (57), respectively. We
note that the O(1/m) corrections (m,, is the heavy-quark
mass) have not been considered in the present study, which
can cause some theoretical uncertainties [but the O(1/m,))
corrections to the masses of the heavy baryons have been
taken into account in Refs. [50-53]]. Totally, the results can
be 3 times larger or smaller than those we have obtained, i.e.,
=i = 1.67299% MeV. We shall not estimate the

Ptz
uncertainties of other coupling constants, but just note that
their uncertainties are at the same level.

Following these procedures, we separately investigate
the four multiplets of flavor 3z, [37,0,1,p], [3£,1,1,p],

[37.2.1,p] and [3, 1,0, 4], in the following subsections.

B. The baryon singlet (3,0, 1, p]

The [3;.0, 1, p] multiplet contains A, (57) and E.(5).
Their sum rules are listed in Appendix C 1, suggesting that
their possible decay channels are (c) and (d), while the
other three channels (a), (¢) and (f) vanish. We show the

two coupling constants, 9=0p-1~gs 7~ and ggop-)zig-» aS

|-E¢

functions of the Borel mass 7" in Fig. 2. Using the values of
T listed in Table II, we obtain

(¢)  gmop-jomia =23,

PHYSICAL REVIEW D 95, 094008 (2017)

C. The baryon doublet [3;,1, 1, p]

The [35,1,1,p] multiplet contains A.(}7/37) and
E.(37/37). Their sum rules are listed in Appendix C 2,
suggesting that their possible decay channels are (a), (b),
(e), (f), (g9) and (h), while the other two channels (c)
and (d) vanish. We show the six coupling constants,
INE-2itas 9R0)-B s IRty YR -EN s
92015 p and 9=0p-15 > A8 functions of the Borel
mass 7 in Fig. 3. Using the values of T listed in
Table II, we obtain

(a) N st = 0.25,

(f) =0~ = 0.21,

(b)  grrpjozia = 0.033,

(h)  gzpjom w = 0.024,

(e) 9ozt - = 011,

(9)  9=0pjzg,- = 0.074. (63)

Using these values and the parameters listed in Sec. II, we
further obtain

(a,d") Tp 155 r(oaem = 0.39 MeV,
(d) g=op-jonf k- = 2.7, (61) AclTIEen(>Axn)
h L (f) Fgc[k]_g/c,[ = 1.6 MeV,
Using theselvalues and the parameters listed in Sec. II, we (b) T A~ SirAr = 4 x 10~* MeV,
further obtain » FEC - 001 ey
_ -5
(C) FEC[%f]—)ECﬂ = 300 MeVa (e) FEC%W_)EJJ_’EHUT - 3 X 10 MeV7
_ -5
(d) Iz p-joa.x = 82 MeV. (62) (9) FEC[%—]_ECP_)ECM =5x10" MeV. (64)
4 : A : )
w3 VRS 13
+Io E +<o :
[T] i T i
o 2// : 12 T2t : 1
Bl : 11 %1t : IR
0 L i L 0 L i L 0
02 03 038 0.4 05 02 0.3 038 0.4 05

Borel Mass [GeV]

Borel Mass [GeV]

FIG. 2. The coupling constants gzopu-|_z+,- and 90| -AF K- AS functions of the Borel mass 7'. The currents belonging to the baryon

1
2

singlet [3F, 0,1, p] are used here.
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D. The baryon doublet [3F, 2,1,p]

The [35,2,1,p] multiplet contains A.(37/37) and
E7(37/57). Their sum rules are listed in Appendix C 3,
suggesting that their possible decay channels are (b), (h),
(i) and (j), while the other channel (g) vanishes. We show

the four coupling constants, g:p-s:++s-» g=0p-|og:n

Incf)-si A0d Gaopgyozps
mass 7 in Fig. 4. Using the values of T listed in Table II, we
obtain

as functions of the Borel

(b) gAH%—]_))::++”— =0.25,
(h)  g=opjoziipm = 0.17,
(l) gA;r[%—]_,zﬁJrer— = 23,
(]) gEQ[%’]eEffp’ =2.0. (65)
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Using these values and the parameters listed in Sec. II, we
further obtain

(b) l—‘AC %’]—)Z:jﬂ—»ACmr =0.03 MCV,
(l) FAJ%’]—»Z?;)—»Z?;M = 11 MeV,
(.]) FEC[%’]eEzip—»Efim =12 MeV. (66)

We note that the two decay widths, I'y sy, and
Iz s
:‘C[

S ogipe do depend significantly on the masses of the

A.(5/27) and E.(5/27), which we assumed to be around
2850 and 3000 MeV in Eq. (48). Because their physical
masses (if they exist) are possibly smaller than these values,
these two decay channels might be kinematically
forbidden.

O. P . .
0.2 0.27 0.295 0.32 0.4 0.5
Borel Mass [GeV]
0.06 P -0.06
e P
9‘: Q O 04 L } } } | 0 04
o £ '
1 P
& 0.02 e 0.02
) ]
%% ]
0.t e : 20.
0.2 0.27 0.295 0.32 0.4 0.5
Borel Mass [GeV]
0.20 — 10.20
10.15
10.10
P -0.05
0. e : 0.
0.2 0.27 0.295 0.32 0.4 0.5

Borel Mass [GeV]

FIG. 3. The coupling constants gx+p-_y+,- (top-left), geop-j_ =+, (top-right), ga+p-_ g+, (middle-left), 9=0B- 1Bt (middle-
right), gzop-)_z:,- (bottom-left) and g=op-|_z: - (bottom-right) as functions of the Borel mass T. The currents belonging to the baryon

3—
2

doublet [3p, 1,1, p] are used here.
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FIG. 4. The coupling constants g,:p-)_x:++ .~ (top-left), gop-)_z:+ - (top-right), g, - Blmzrtpm (bottom-left) and gzo Elgrtp (bottom-
right) as functions of the Borel mass 7. The currents belonging to the baryon doublet [3,2, 1, p] are used here.

E. The baryon doublet [3, 1,0, 1]

The [37,1,0,2] multiplet contains A.(}7/37) and
E.(37/37). Their sum rules are listed in Appendix C 4,
suggesting that their possible decay channels are (a), (b),
(e), (f), (g9) and (h), while the other two channels (c)
and (d) vanish. We show the six coupling constants,
gAj[%’]er*ﬂ” gE?[%’]—»E’fﬂ”
9=~z A gmp-jomsys
mass 7 in Fig. 5. Using the values of T listed in
Table II, we obtain

12798 Bl-zitta g=0 Bl-Efa

as functions of the Borel

(a) I Yozt = 2.3,

() gopj-zia = 17,

(b)  gnrpjozra = 1.5,

(h) 92015 = 1.2,

(e) 9205 = 45,

(9) 9=0p- -5t )m = 2. (67)

Using these values and the parameters listed in Sec. II, we
further obtain

(a.d') Tp prjos a(oamm = 32 MeV,

(f) Tz peg. =100 MeV,

() T oxirnne = 0.96 MeV,

(h) Tz oz = 30 MeV,

(€) Tz oz pompe = 0.04 MeV,

(9) T= oz oz e = 023 MeV. (68)

IV. DECAY PROPERTIES OF FLAVOR
6 P-WAVE CHARMED BARYONS

In this section we use the method of light-cone QCD sum
rules to study decay properties of the flavor 6 P-wave
charmed baryons. We only study their S-wave decays into
ground-state charmed baryons accompanied by a pseudo-
scalar meson (7 or K), including both two-body and three-
body decays which are kinematically allowed. We shall
study their S-wave decays into ground-state charmed
baryons accompanied by a vector meson (p or K*) in
our future work, but note that the widths of these decays
are probably quite small (see the results of the flavor 3, P-
wave charmed baryons).

The possible decay channels are
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FIG. 5. The coupling constants INH -t (top-left), 92|~ E nm (top-right), INF B (middle-left), IO~ (middle-
right), g=o -]-gfpm (bottom-left) and gzo3-_z; - (bottom-right) as functions of the Borel mass 7'. The currents belonging to the baryon
doublet [3, 1,0, ] are used here.

() TIZ(1/27) = A(1/2%) + 2] = T[2(1/27) > AF(1/2) 7). (69)
() TIZ(1/2) = 2(1/2%) + 2] = 2 x TZ(1/2) > 52(1/27) 7], (70)
(m) TIEL(1/2) = B(1/2%) +a] =3 x TIE(1/27) — B2 (1/2%) + 1), ()
(1) TIEL(1/27) = A(1/2%) + K] = T[ED(1/27) = AZ(1/2%) + K], (72)
(0) TEL(1/27) — B(1/2) + ] =3 X TE0(1/27) — 2 (1/27) 4 7, (73)
(p) TIEL(1/2) = Z(1/2%) + K] = 3 x TEA(1/27) — Z2(1/29) + K], (74)
(@) TI(1/27) = 5(1/2%) + K] = 2 x TIQX(1/27) = E(1/2) + KT, (75)

094008-15



CHEN, MAO, CHEN, HOSAKA, LIU, and ZHU

PHYSICAL REVIEW D 95, 094008 (2017)

(r) T[Q.(1/27) > EL(1/2+) + K] =2 x T[Q2(1/27) — B (1/2+) + K], (76)
(s) T[Z.(3/27) = Z:(3/2") + 7] =2 x [[X2(3/27) = =7 (3/21) + 7], (77)
(1) T[EL(3/27) > EX3/2%) + 1] = % x T[E0(3/27) - B:+(3/2%) + 7). (78)

(u) TIEL(3/27) = Zi(3/27) + K = A(1/2%) + 7 + K]
=3xT[EP(3/27) - = (3/21) + K~ = AF(3/27) + 2° + K. (79)

(v) TQ.(3/27) —» Ei(3/2") + K —» E.(1/2") + 7+ K]
=6 xT[Q(3/27) - E:F(3/2%) + K~ — B (1/27) + 2% + K. (80)

Their widths can be simply calculated through
the two Lagrangians Lyx(i/2-)-y(1/24)p = gXYP and
Lx@/2)-v3/25)p = 9X, Y, P. Especially, we assume the
mass of the Q.(3/27) state to be 3120 MeV in the case (v)
in order to make this decay channel kinematically allowed,
but still use 3100 MeV for other cases.

In the following subsections, we shall separately inves-
tigate the four P-wave charmed baryon multiplets of flavor
6, [67,1,0,p], [6£,0,1,4], [6£,1,1,4] and [65,2, 1, 4].

A. The baryon doublet [67,1,0,0]

The [6f. 1,0, p] multiplet contains X.(37/37), B.(3/37)
and ©.(37/37). Their sum rules are listed in Appendix C 5,
suggesting that their possible decay channels are (/), (0),
(p), (r), (5), (1), (u) and (v), while the other four channels
(k), (m), (n) and (g) vanish. We show the eight coupling
constants,  gsop-joyizs  YEO]-Eias  JEOR]-XiK
Jobly -8 K-> 9|5 as 920 IoEr A Yooz k- and
Jopp-]-gr k- 8S functions of the Borel mass 7 in Fig. 6.

Using the values of T listed in Table III, we obtain

l) gsopiosi =19,
0)  Yeop-jemra = 14,
p) geoposik- = 1.7,

r) g~z k- = 2-5,

t) gE’f[%’]—»Eﬁﬂ’ = 095’

(
(
(
(
(s) Is0B)»sita = 1.3,
(
(u) Jevpiozk- = L1
(

v) IR -E K = L. (81)

Using these values and the parameters listed in Sec. II, we
further obtain

I) Ty =300 MeV,

) Tspjora
(0) FEL[%—]_)E;_” =140 MCV,
(p) Igpor x = 29 MeV,
(5) Typiozg = 110 MeV,

(t) FEL[%— =50 MCV,

(u) F:'/ [3_]—>Z;K—>A(,EK - 0.03 MCV,
(

2

|-8in

—c

v) Lo g -z:k-5.k = 0.07 MeV. (82)

B. The baryon doublet [67,0,1,1]

The [6£,0. 1, 4] multiplet contains X.(57), E.(37) and
Q.(37). Their sum rules are listed in Appendix C6,
suggesting that their possible decay channels are (k),
(m), (n) and (g), while the other four channels (/), (0),
(p) and (r) vanish. We show the four coupling constants,
IS )Nt IOk ]-E ams 920 -as k- ANd goo-joz; k-» @S
functions of the Borel mass 7 in Fig. 7. Using the values of
T listed in Table III, we obtain

(k) gxpproni = 18,
(m) 90|~ = 1.7,
(1) gzop-j-nik- = 1.8,
(q) 915 k- = 3.0. (83)

Using these values and the parameters listed in Sec. II, we
further obtain

(k) Ty rjon. =200 MeV,
(m) Tapjs.. =230 MeV,
(n) Tapjopx = 160 MeV,
(@) Topjozx =820 MeV. (84)
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FIG. 6. The coupling constants Iso-)-5 (top-left), 90l El a (top-right), 905 K- (middle-left), 9oy |-E K (middle-right),
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3—
2

Borel mass T. The currents belonging to the baryon doublet [6f, 1,0, p] are used here.
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C. The baryon doublet [65,1.1.4]

The [6f, 1, 1, ] multiplet contains 2.(3~/37), B.(3/37)
and ©.(37/37). Their sum rules are listed in Appendix C 7,
suggesting that their possible decay channels are (/), (0),
(p), (r), (5), (1), (u) and (v), while the other four channels
(k), (m), (n) and (g) vanish. We show the eight coupling

constants, ot

L I A La A SR I S i

Qi ks IR |oxs ams Y20 |om e Jm0p)oxy k- and
0731 =+ ks uncti in Fig. 8.

QU3 |-E; K-> AS functions of the Borel mass 7 in Fig. 8
'C —c

Using the values of T listed in Table III, we obtain

I) gsop-iozie =031,
gavy)-ma = 023,
gariy)-zik- = 059,
Japi-)-z k- = 085,
stz = 012,
1) gzvpiomra = 0.09,
9zrgy-ri k- = 0.056,
Jau)-z; k- = 0.064. (85)

Using these values and the parameters listed in Sec. II, we
further obtain

l) FEC[%—]_)ELJT = 79 MeV,
0) Tgp-z, =37 MeV,
p)

(
(
(
(r)
(
(
(
(

Tzp)os x = 3.6 MeV,
Lo p-jozx =29 MeV,
5) Ty pore =095 MeV.
1) Tz = 045 MeV,
u)
v)

F:/ [3—]_)22«](_)/\(_”[( =7X 10_5 MCV,

=5

ooz komag =1 x 107 MeV.  (86)

2

D. The baryon doublet [6,,2,1,1]
The [6£, 2, 1, 4] multiplet contains £.(37/37), E.(37/37)
and Q.(37/37). Their sum rules are listed in Appendix C 8,

suggesting that their possible decay channels are (s), (), (&)
and (v). We show the four coupling constants, gyop-)_x++ -

33—

2
G0 oEr ams 9E0R]-Ti K- and Jopp-]—grt k- AS functions
of the Borel mass 7 in Fig. 9. Using the values of 7 listed in
Table III, we obtain
gzg[%—]_»:z#rﬂ_— = 0005,
[) gE?[%’]—»Eﬁ*ﬂ’ = 0004,
gzpg-x k- = 0.013,

op-1mz+ g- = 0.019. 87
9B |-EF K
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Borel mass 7. The currents belonging to the baryon doublet [6, 1, 1, 1] are used here.
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Using these values and the parameters listed in Sec. II, we
further obtain

(s) Iy pose = 1% 1073 MeV,

(1) Tgpioza=7x107* MeV,

() Tgposikoamk =3 x 1075 MeV,

(v) Topj-zkozmx =9 x 107 MeV. (88)

V. SUMMARY AND DISCUSSIONS

To summarize this paper, we have used the method of
light-cone QCD sum rules to study the decay properties of
the P-wave charmed baryons. Firstly we summarize our
results on the flavor 3 P-wave charmed baryons. We have
studied their S-wave decays into ground-state charmed
baryons accompanied by a pseudoscalar meson (7 or K) or
a vector meson (p or K*), including both two-body and
three-body decays which are kinematically allowed.
The results are listed in Table IV, where the possible decay
channels are (a)A.[i7] = Z.z(— A.zn), (B)AJ7] -
Tiw > Arm, (OZ[f] = Ber,  (DE[T] - AK,
(€)B[3) = Bep = Eenm, (FEcly] = B, (9)Ecf5
Eop — B, (WE] = Eim, (A ] = Zip — o,
and (j)2.[7] » Eip — Einz. We note that the uncertain-
ties can be as large as ng?%%.

Our calculations are performed based on the HQET and

separately for the four charmed baryon multiplets of flavor

|-
—

2w,

35 [3£.0,1,p], Br.1.1,p], [3£.2,1,p] and [37,1,0,4].
We find that none of these four multiplets can independ-
ently well describe the experimental decay data of the
A.(2595). This is somehow in contrast with quark model
calculations which describe some of the decay rates, but not
all, in a reasonable manner [41]. It would be a future issue
to see further relations of various approaches. See also
Refs. [24,25] for other possible interpretations of the
A.(2595). In the present sum rule study, considering
the fact that the heavy-quark symmetry is not perfect,
the physical states are probably mixed states containing
various components with different inner quantum numbers.
It is then possible that the A.(2595) is an admixture of the
above four multiplets. Thus we try to use the mixture of
[3¢.1,1,p] and [37,1,0,4] as an explanation and assume
the physical state to be

IA(1/27)) = cos O x [1/2,—, A, 1,1,p)

Fsin@x [1/2,— A, 1,0,2),  (89)
so that we have
IA -5 = COSO X gio A 11p)=5.n
+8in0 X g1 oA 100-50  (90)

and we can further obtain
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TABLEIV. Nonvanishing decay widths of the flavor 3 P-wave charmed baryons, in units of MeV. The two mass values with * are our
assumptions, so that the decay channels (i) and (j) are kinematically allowed. The possible decay channels are
(a) A7) = Sea(—= Aean), (b) A7) = Zim = Aaar, (¢) ES] = Er, (d) E[L]—AK, (e) B[] —>Ep—Boar,
(f) Bl — 8 (9) EfT]—Ep— B, (h) Ef7] =8 (i) A= Zip - Zian, and (j) E
We use the two-body middle/final states to denote them in the table.

37 = Eip - Elan.

Baryon Experiments [2] [3£.0.1,p] Br.1,1,p] [37.2.1,p] [37.1,0,4] Mix-|B) Mix-|B,)
FA(. 2595) = 2.59 . rE.nr)
JP — %_ [Z?Jr 7[4:] <489, [Zcﬂ.’] =0.39 [Zczr} =32 o, o0 0, 7

[Acr]3p0ay - 18%

Uzt 2700) < 15

2(2790) [ " [E.a] =300 [E.z] =16 [2.a] = 100 [Ea] =47 [Ea]=6.1
JP =1 =m0) < AK| =82  [E.p] = 0.00 2.0 =004  [Ep] =000 [E.p]=0.00
2 [Z%.7] ypay : SeEN [AK] = [Ecp] =0. [Eep] = [Ecp] = 0. [Ecp] = 0.

FA((2625) < 0.97
/J\,f (365_5) [Zemloboay < 10% e [Zi7] = 0.00  [Zfz] =0.03 [Zia] =096  [iz] =0.11 [Ziz] =0.01

2 (A 3p0qy - large

I <35 _ . . .
E.(2815) S0 (2815) [Eir] =001 [Ein] = 30 [Ein] =30 [Eia] =059
JP 3 FE?(ZBIS) < 65 . [.:.Cﬂ'} = 069 — — —_

=3 (B2 72700y - S0 [Ecp] = 0.00 [Ep] =023 [Ep] =003 [Ep]=0.00

A(5/27) My, (s/2-) ~ 2850" s e (Zep] =11
E.(5/27) Mz (5/2-) ~ 3000 e e [Eip] =12

(z or K), including both two-body and three-body
decays which are kinematically allowed. The results are
listed in Table V, where the possible decay channels are

OEL] = A, (DZS] - Zem, (m)EU] - B,

nE L] = AK. (0)Z ] = Bz (p)ET] - 2K,

(
(
(@[] = K, (NQl] - EK, (9] - iz,
(
(

\/FA(. =% a(—Aan) = cosf x \/F\1/2,—,Ac,1,1,p)—>2L,ﬂ(—>A(.7m)

+sinfx \/F\ 1/2.= A 1.0A) =S (= Aoar) -
(91)

2 2

Other channels can be similarly evaluated. The mixing NELR] - Eix, (w)ELE] - K — AK, and

angle ¢ can be estimated by assuming [2,124] v)Q.[37] - EiK — E.zK. We note again that the uncer-
tainties can be as large as I'T200%
++ - 0+ —67%
[(Z7) ~ P77 + Zen™) = 0,661“8-112 +0.07. (92) Our calculations are done separately for the four

L', (2595) F(Adntn7) charmed baryon multiplets of flavor 6z, [65,1,0,p],

[67,0,1,4], [65,1,1,4] and [6,2,1,1]. The situation in

There are two possible solutions: #; = —20° and 6, =7°,  this case is more ambiguous that the previous case of the
which we denotg as Mix-|B;) and Mix-|B,), respectively.  flayor 3, charmed baryons:
Assuming the mixing angle to be an overall parameter, we (1) The Z.(2800) is a good P-wave charmed baryon
evaluate decay widths of the A.(2625), E.(2790) and candidate of flavor 6. It has a large width around
E.(2815). The results are listed in Table IV, which are 70 MeV and was observed in the A 7z decay channel.
consistent with their experimental decay data, _while the Our results suggest that it may be interpreted as a
Mix-|B;) seems a bit better. Recall that both [34, 1,1, p] JP = 1/2 state belonging to the [6,0, 1, 4] multi-
and [3, 1,0, /] can also describe the masses of these states plet, and it can be better interpreted as a J* = 1/2
[51], so these two mixing solutions can well describe both state containing both [67,0,1,4] and [6,1,1,4]
masses and decay properties of the A.(2595), A.(2625), components.
E.(2790) and E.(2815) at the same time. We would like to (2) The E.(2930) has a width around 36 MeV, and it
suggest the Belle/KEK, LHCDb, and J-PARC experiments to was only observed by the BABAR experiment in the
further examine these values. A K decay channel [125]. Our results suggest that it
Using the same method, we have also studied the decay may be interpreted as a J” = 1/2~ state containing
properties of the flavor 6, P-wave charmed baryons. We both [6,0, 1, 4] and [6f, 1, 1, 1] components.
have studied their S-wave decays into ground-state (3) The E.(2980) has a width around 20 MeV. It was
charmed baryons accompanied by a pseudoscalar meson observed in the X.(2455)K and Z.(2645)z decay
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channels, but was not seen in the A.K decay channel.
Our results suggest that it may be interpreted as a J* =
1/27 state belonging to the [6, 1, 1, 4] multiplet but it
does not contain [61, 0, 1, A] component.
At present, the J© quantum number of some states has not
been measured. They could also be the candidates of the radial
excitations or D-wave states. More experiments are also
necessary to understand them. Especially, the five excited Q..
states recently observed by LHCb [1], €.(3000), .(3050),
Q.(3066), ©.(3090), and Q.(3119), are very helpful to
improve our understanding of the excited charmed baryons.
Their widths are quite small and were all observed in the E,.K
decay channel. We use their masses as inputs and redo the
previous calculations. The results are shown in Table VI (note
that the .. K threshold is 3072 MeV and the =,z K threshold is
3103 MeV):

(1) We may use the [67, 1, 1, ] multiplet together with a
tiny [65,0, 1, ] component to interpret one of these
Q. states (©.(3000), ©.(3050) or Q.(3066)) as a
JP =1/2" state.

(2) The [6f,2,1,4] multiplet may be used to interpret
two of these Q, states as one J” = 3/2~ state and
one J© = 5/27 state, but we still need to study their
D-wave decays into E.K to check this possibility.

(3) Two of these excited €2, states may be interpreted as
two 25 states of J© = 1/2% and 3/27. See the recent
reference [126] for more discussions.

To end this work, we note that we have only investigated
the S-wave decay properties of these excited charmed
baryons in the present study, but their D-wave decays
can also happen and contribute (although these contribu-
tions may be not large). Hence, in our following study we
plan to further study their D-wave decay properties. We
also plan to study the S-wave decays of the flavor 65

PHYSICAL REVIEW D 95, 094008 (2017)

P-wave charmed baryons into ground-state charmed bary-
ons accompanied by a vector meson (p or K*), which have
not been done in the present work. We would like to
suggest the Belle/KEK, LHCb, and J-PARC experiments to
investigate the decays of these excited Q, states into Z.K to
further understand them.
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APPENDIX A: FORMULAS OF DECAY
AMPLITUDES AND DECAY WIDTHS

The decay widths of P-wave charmed baryons can be
evaluated based on the Lagrangians (a)—(j) listed in
Egs. (6), (51) and (47):

(1) The decay amplitude of the two-body decay

(@)Af(1/27) = =20 is

TABLE V. Nonvanishing decay widths of the flavor 6, P-wave charmed baryons, in units of MeV. The possible decay channels are:
(OZ ] = A (DZ7] = Zem (m)E57] = Eer (WET] = AK, (0)E(T] = B (p)ET] = 2K, (Ql57] - EK,

2 2

2 2

(NQ.7] = BLK, (5)Z.[37] = Zim, (1)ELET] = B, (w)ELET] = ZiK - AnK, and (v)Q.[37] » E;K — E.zK. We use the two-

body middle/final states to denote them in the table.

Baryon Mass [6£,1,0,p] [6-,0,1,4] [6r,1,1,2] [67,2,1,4]
=[] ~2800 [S.a] = 300 [A,z] =200 (1] =79
[ELz] = 140 [B.z] =230 [ELx] =3.7
L) ~2950
’ [£.K] =29 [AK] = 160 £.K] = 3.6
Q.1 ~3100 [ELK] = 250 [E.K] = 820 [ELK] = 29 .
23] ~2800 [Zim] =110 e [Ziz] =0.95 [Ziz] = 0.00
[Ea] =50 [Ea] = 0.45 [E:a] = 0.00
=23 ~2950
[Z:K] = 0.03 [ZiK] = 0.00 [Z:K] = 0.00
Q.3 ~3120 [EiK] = 0.07 [EfK] = 0.00 [EiK] = 0.00
ZC[%—] S .. c.
L[]
Q5]
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TABLE VI. Decay widths of the five excited Q.. states recently observed by LHCb [1], assuming they are P-wave charmed baryons.
The results are in units of MeV. The possible decay channels are (¢)Q.[}7] —» E.K, (r)Q.[}7] - ELK, and (v)Q.[37] —» E;K — E 7K.
We use the two-body middle/final states to denote them in the table.

[6F,1,0,p] [6[:,0,1,1] [61:‘,1,1,).] [6}:,2,1,},}
Experiments 1/2= 3/2° 1/2- 1/2= 3/2° 3/2° 5/2°
Q,(3000) [2.K] = 420
Q,(3050) [2.K] = 650
Q,(3066) [2.K] = 700 .
Q,(3090) ELK] = 200 : [E.K] =790  [E.K] =23 . -
Q. (3119) [E/K] =320 [E:K] =006 [E.K]=2870 = K] =38  [E:K] =000  [E:K]=0.00
MO0 —2+1)= M(AH(1/27) = ZE(1/27) +2°) > ulp)a(p) = (7 +m). (A3)
= Go-2+1HUols, (A1) A
where 0 denotes the initial state A (1/27); 1 and 2 The two-body decays, (¢), (d), (f), and (k)—(r), can
denote the finial states z° and T} (1/2%), respec- be similarly evaluated.
tively. This amplitude can be used to further evaluate (2) The decay amplitude of the two-body decay
its decay width p (h)E2.(3/27) - Eirm is

T(0—2+1)=T(AH(1/27) = £ (1/27) +2°) M0 24 1) = M(EO(3/27) — +(3/24) +-17)

Al :
- 8am3 " Jo-2+1 = Go—2-+140 U2 > (A4)

XleKﬂo*"’”o)(ﬁz +m,)],  (A2)

2 where 0 denotes the initial state Z2(3/27); 1 and 2

denote the finial states z~ and E;*(3/2%), respec-

where we have used the following formula for the tively. This amplitude can be used to further evaluate
baryon field of spin 1/2: its decay width

|
[0~ 24 1) = [(E%(3/27) —» B+ (3/2%) + 1)

Pl 1 1 Poy¥u = Poyluw  2P2u Py
— X 7T L =y, _ D ) _ ) s
8wm3 Joz1 X g 0N\ Giw = 3V T 3m, 3m3 (#2 +m2)
1 Pou?y — Poy¥u 2p0ﬂp0ﬂl
X ;5 —— ;— - - - - - s A5
(9#/4 3 Yu¥u 3mg 3m% (#0 +mg) (AS)

where we have used the following formula for the baryon field of spin 3/2:

_ 1 Pu¥y = Pu¥u  2PuPy
Zuﬂ(p)uﬂ/(p) = <gm4’ - gyﬂyﬂ/ e M3m X 3:,12ﬂ ) (ﬂ—" m) (A6)
spin

The two-body decays, (s) and (f), can be similarly evaluated.
(3) The decay amplitude of the three-body decay (a')Af(1/27) - Zf*n~ - Afztzn™ is

MO—=>44+1-342+1)=M(AL(1/27) > ZFA2N) +7 > ALH(1)2T) + 72t +77)

_ Py + my
= Jo—-4+1 X G4-342 X Up X — SR
py—my +imyly

XYu¥s XUz X pay» (A7)

where 0 denotes the initial state A (1/27); 4 denotes the middle state =/ *(1/2%1); 1, 2 and 3 denote the finial states
z~, ot and AF(1/2%), respectively. This amplitude can be used to further evaluate its decay width
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FrO0—-4+1-3+2+1)=0(Af(1/27) > 2 (1/27) +7a~ > AF(1/2Y) + 2" +77)

1 1
(2z)? x 32m3 X Goart X Gaain X /dmIde23

1
x5 Te[(#75 + ma)y,vs (pa+ ma) (o + mo) (Pa + ma)y,1s]

1
X
|p3 — mj + imyTyf?

X D2 uP2ys (A8)

where we have used the standard Dalitz integration [2].
(4) The decay amplitude of the three-body decay (b)A.(3/27) - Xin — A zm is

M0 =441 53424 1) = MAL(3/27) » Z0H(3/24) + 27 = AL(1/2%) + 2t 4 17)

= 90-4+1 X J4-342

— 1 p4,/471/ - P4,vy/4 2p4,ﬂp4.l/
XUy X\ G — 57/471/ - 3m4 - 3m%
Py + My
2 XUz X Py, (Ag)

pi—mj + imyly

where 0 denotes the initial state A (3/27); 4 denotes the middle state =}t (3/2%); 1, 2 and 3 denote the finial states
7z, ot and AF(1/27), respectively. This amplitude can be used to further evaluate its decay width

F(O -4+1->3+2+ l) = F(Aj‘(3/2_) — Zz++(3/2+) +71 - Ag’(l/2+) +at —|—71'_)

1
2 2
58 X 3om X Goat1 X Gan34n X / dmyydmy;

1 1 PayYy — PayYv 2p41/p4/,t’
—T 1= =Y Y, — . u — - -
Tl me) x (g = = P04 B ) ()
1 PouYu — Pouly  2Poyu Po,
X <g/4’/4 _§7ﬂ’7’u - gmo P — 3/;’1(2) . (#0 + mp)
1 p4,;4yv - p4.l/}/ﬂ 2p4,ﬂp4.l/
% _ - _ _ ;
(g/w 3 Yulv 3m4 3m42‘ (p4 + m4)]
1
X PryP2y- (A10)

X
P — m + imaTy?

The three-body decays, (#) and (v), can be similarly evaluated.
(5) The decay amplitude of the three-body decay (¢)E.(1/27) —» E.p — E.xx is

MO-=3+4-534+24+1)=M(EA1/27) = EL(1/2F)+p~ = EF(1/27) +2° 4+ 77)

_ PauPsy
= J0-3+4 X G241 X UYuY5U3 X | Gy — 3
ny
1
X3 X (P1oy+ P2u)- (A11)

Pi— mi + imyly

where 0 denotes the initial state 38(1 /27); 4 denotes the middle state p~; 1, 2 and 3 denote the finial states 7™, 7% and
EF(1/27), respectively. This amplitude can be used to further evaluate its decay width
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FO0—=3+4-342+1)=0E%1/27) = EH1/27) +p~ = ES(1/21) +2° +727)

1 1
= W X ng X Goria X Ghongy X /dmlzdmm

1
X ETT[(% + m3)y,vs(#o + mo)y,ys)

w (g, —PasPae) (, _ PauPav 1
Tomg O mg |3 — mj + imyLuf?

X (pLz/ + pZ,U)(le/ + pZ,L/)' (AIZ)
(6) The decay amplitude of the three-body decay (¢)E.(3/27) = E.p — E.znx is
MO=3+4-3+2+1)=M(ELN3/27) = EH(1/25) +p~ = EF(1/27) +2° +17)
=g X g X Uy, Uz X | g _P4,,,p4,,, !
0—-3+4 4—-2+1 0.u*3 v m421 Pi _ mi + im41—~4
X (P],u‘l'Pz.y)’ (A13)

where 0 denotes the initial state 58(3 /27); 4 denotes the middle state p~; 1, 2 and 3 denote the finial states 7™, 7% and
Ef(1/27), respectively. This amplitude can be used to further evaluate its decay width

Fr0—-3+4-3+2+1)=0E%3/27)=EH1/27)+p” - EH1/2Y) + 204+ 77)
.
(27) " 32m}

2 2
X Go-3+4 X Yao241 X /dledm%

1 1 Poy'Yu — Poulu 2p0,ﬂ/p0~ﬂ
X ZTr |:(p3 + m3) (gﬂ/ﬂ — gyﬂ/yﬂ - 3m0 - 3m% (ﬁO + mo)

x (g, — p4,up4,u Gy — p4,;/p4,1/ « 1
omg om |pg = mj + im,Tyf?

X (Pry+ P2.,)(P1y + Pa)- (A14)

(7) The decay amplitude of the three-body decay (i) A.(5/27) - Zip — Zinrn is

MO =34+453+2+1)= M(AF(5/27) = Si+(3/24) +p= = SHH(3/27) +2° + 77)
_ PauPay
= G0-3+4 X Ga-2+1 X Ug ypl3 p X <g;w - 5 )
my
1

x X (P1y+ P2u) (A15)

pi—mj + imyly

where 0 denotes the initial state A (5/27); 4 denotes the middle state p~; 1, 2 and 3 denote the finial states 7™, 7% and
Xi++(3/271), respectively. This amplitude can be used to further evaluate its decay width
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F0—-3+4-3+2+1)=0(AF(5/27) - (32 +p~ > 2+ (3/27) + 20 +77)

1 1
= 2y X 3om? X GGosia X Gionpr X / dmyydmys

1 1 P3pYp = P3pYy 2p3p’p3p
< ZT Ll P8 5 _ , ,
6 r{(gpp 3107 3m; 3m3 (#15 + m3)

1 1 1
X <§ ' Gpp + > G Jpu' — ggﬂpg//p’> (o + mO)}

x (g, — p4,/4p4,1/ Gy — p4,/,t’p4,z/ « 1
Yomg T mg |pi — mi + imyLuf?

X (pl.y + pZ,D)(pl,u’ + Pz,y’), (A16)

where we have simply used the following formula for the baryon field of spin 5/2:

_ 1 1 1
Zum/(p)uﬂ’l/(p) = <§ ' 9w + Eg;u/guy’ - ggﬂl/gﬂ/l//> (ﬂ + m) (A17)
spin

The three-body decay, (j)E.(5/27) - Efp — Eiznz, can be similarly evaluated.

APPENDIX B: LIGHT-CONE DISTRIBUTION AMPLITUDES OF THE K MESON

In this appendix we list the light-cone distribution amplitudes of the K meson as examples. They are taken from Ref. [90],
and we refer interested readers to read Refs. [§9-96] for details. The light-cone distribution amplitudes of the K meson used
in the present study are

_ . 1 i(2u—1)a- 1 i 1 ! i(2u—1)q-
<0|‘]<Z)7,4758(—Z)|K(61)>:lquﬂ[) due'™" 1)“(9152;1((”)‘*'1229154;1((”)) +§fKEZ;4/O due> =%y, (u),  (Bl)

2 1 )
Ola(@)irs=2)IK(q) = T [ dueternsgl (), (82)
. 2 1 A
(01g(z)ouprss(=2)|K(q)) = —é% (9azp = qp2a) /0 due! VTGS (u), (B3)
1

(01G(2)7,759Gap(v2)s(=2)|K(q)) = 4,(qa2p — dpZa) EfK%;K(u q-2) + (9p9a — 4095 kPax (v, q - 2),  (B4)
~ 1 - ~
(017(2)7,419G 4p(v2)s(=2)|K(q)) = 4,(duzp — qpza) Equ)zl;K(v» q-2) + (9p9a — 4095 F kPax(v.q - 2),  (B5)

(017(2)0,,, 759G ap(v2)s(=2)|K(q)) = if 35 (909495 = Gau G5 — (@ <> B)) X / Dae™ i<l tra) @y (ay,a5,03).  (BO)

o1 po
where G, = 5€,,,,G".

APPENDIX C: OTHER SUM RULES

In this appendix we show the sum rules for other currents with different quark contents.
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1. [35.0.1,p]
The sum rule for Af(37) belonging to [37,0,1,p] is
9a; [%-]—m*n-f AF [%-]f P

Gr g s S — : = =0. Cl
AT o) (AAC*[%’] - ')A+ — o) €D

The sum rules for Z2(1~) belonging to (35,0, 1. p] are

gEO 1- —>—/+7z fHO fE’+
G':‘O_[l—]_)':H’”— (60, 60/) == ol — =0, (CZ)
Sel T (Agop-) — )(Aa’+ - )
=cl3 c

Izt -z Seop e
(A = @)(As: ~ )

® g [ gueii-'tyi 3f.m2 if mv- g
— dt d i(1—u)o't yiuwt o 4x ——JrTm P _ a2 e
A A ue e 42 (m, +m )¢3,n(u) + 8220 (m,, + ) #3.. (1)
ifﬂ' lfﬂt lf;z

~Tor0 g (58)Wan(u) — 3560 ¢ (9,56Gs)y (1) — 162200 ¢ MWz (1)
famz o ifmdto-q
320m, + my) my(55) g3, (u) + 192(m, + my) m(3s)@3..(u) ), (C3)

I 1-A K f"ﬂ fA*
(Azop) — )(AA: - o)

o0 1 . L 3 2 ; 2 ..
— A th duez(l—u)mtemmt x 4 X <_ meK 4’57,1((”) + lszmKU q d)g;K(u)

4r*t*(m, + my) 8723 (m, + my)

GEQ[%*]—}A(TK* (0, 0') =

ifx ifgt _
- . — G . , C4
o @) = 5t (030G ) ()
9=op-1-gf - feop f et
Gay oz (0.0)) = 2P CEEIE (C5)
(Azop) — @) (Ags — o)
2. [5F,1, ].,p]
The sum rule for Af (17) belonging to [37,1,1,p] is
INHE)-SHta fA+ fz**
GAj[%‘]erT*;r‘ (0, 0') =
(Apepy = )(Az++— )
3if v 3ifv-q 3if
dt d i(1- uwz iuwt 8 x =V n 777 )
= [T [ auer 8 (2o ol + 2 )+ ot
ifsmzv-q if ym2t?v - q
_JaTa" 4 Jalx V9 G
o)1) + s (g,00G0) 4,0 )
io't(oytuats) piot(1—ar—ua 3ifv-q ifzv-q
/ dl/ du/Dae ez tu) gioi(l=aum) x g x <w®4;n(ﬂ)— ) ¥y, (@)
ifzv-q ifz0-q ¢ if v - q if zuv-q
t 27 Dyp(@) + A7 Wain(a) + ﬁq)“( )+W‘{’4;n(g) : (Co)
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One of the sum rules for Z2(37) belonging to [3£.1,1,p] has been given in Eq. (56), and the others are

9201t S 2o f =
Gap ozt (0, 0) = oS HEEE g, ()
R (Agop-) — @) (Agy — o)
cl2 c

9=k ]_>A+k f—o f/\+
Gaop-oni k- (0, 0) = Ao Aer —a) 0, (C8)
—'c[’l ] A

9|zt - feop f=r
GE?[‘ oz (a)’ w/) _ /_\ el c/’l /_;[2 IV E
( 204 —a)( Che - o)
. 1 ) ) fJ_ J_ 2 J_m2
_ dt d i(1=u)o't yiuwt o 4 _ PP b
[ an [ ettt g (2L g )+ 5 HE g 00 = S ()
f;mzv q ,l,lm v-q 1 ||m v - q ., _ i /llm (2 q 1
327 tz ¢4p( ) T< S>W3;p(u) + 768 <gSS6GS>W3;p<u) + 16 SW3;p(u)
fﬂ ) <\l /J’_mlz) s\l
- 48 ms<ss>¢2;p(u) + 487 - q ms<ss>¢2;/)(u)
J_m2 1 2 2

=T 5 ) =2 (55 )

/ dt/ du/Daetmt a+tuas) ta)t(l a—uaz) x 4 x (_ < 2 2 qlpi_’ﬂ(g) + pgrn v - lP4p< )

102 LmZMU q

Lmiuv - q muuv - q >
S e + I et - P ) ). (©9)

The sum rule for A [37] belonging to (3. 1. 1, p] is

Inrplosett o farpyfer
(AA:r [%—] — a)/) (Azz++ — (1))

&) 1 X . R R r
= A dt% due'1=1)@'t giuat 5 8 x <—u¢2;ﬂ(u) - fy—qqﬁ‘kﬂ(u) - zfilm;ﬂ(u)

1
Grrpoziia (@,0) =

3722t 487212 3nt*v - g

msv my 2’[)
f’f—q)@q)(/b”( u) - M(QSWG(M)@”( )>

108(m,, + my 1728(m,, + my)
ORI uao lw Ay — U f”/U q Sfﬂv q
/ dt/ du/Dae ey tuas) gior(l-a—uas) 5 8 x (—24 Dy, (a) + =755 Ty ‘I’4ﬂ(a)
flrv'q~ Sfﬂ ‘43 fﬂl’”}’ 7f7zl’”)'q
-9, - ‘P . - d) . -V,
7o Pl ~ e Yaal8) ~Sen Panl@) e Yaald)
fauv-q fnlw 9
+ 537 122212 q)4ﬂ'( )+ 2472 lI1471:( ) (CIO)
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The sum rules for E2(37) belonging to [3r.1,1,p] are

g~o _):Hff—o f~*+
G';‘O[%] er 7(0), a)’) =

ST (Agop) — )(/\~*+ - o)
i(l1-w)a't iuw fﬂv q fzzv'q fﬂ
/ / due17101 ol 5 4 x (‘ i trn(ut) — mfm;n(”) —mw;ﬂ(”)
fﬂmﬂy q fﬂmﬂtzv q - P fﬂmzzrv q o
R AU (03081 5.0) = 3 P ()

108(m,, + my) 1728(m,, + my)

. 20 .
590 0) = P T 55 = (55wt

1152 Tv-q
/ dt/ du/Dae’“”“2+“°’3 r(lmmmucs) 5 4 % (‘J;ZZth Dy, () +57f2ﬂ1)2.t2q Yyr(a)
_% D, (a) 57f2”7: tzq V() - J;Tg:_j tzq 4:2(@) _L;;:t;t‘zq 4x(@) _|_fl,,2uvzt2q Dy, ()
+%‘i‘4m(g)), (C11)

f L 2 Lm2
/ dl/ due (I—u)a't ””“tX4X < /4 t4 ¢2p( ) ¢2p( ) 2/’ 4 l//J' (u)

3z t411 q 3nttv- g
I II 2 I
pm,v - q N pmtPv g N pmuvq
48 ¢4p(> T<SS>W3;/)<”)_T<93SJGS>W3;/;(M)_W sl//3;p(u)
. L2
f”fzqm (5900, ) ~ 22 m, (55)3, )
Lm?2 B L 2t21)-q .
T (55 )+ (55 )
d d D, io't(ay+uaz) m)t(l —uaz) 4 x 4 ml)v qqﬂ_ é_mgv qq}
! wj rae x 122278 M;(“)‘w (@)
1.2 12
Lmluv - q Lm2uv - q miuv - q -
/12/71' s Pipl@) =TT Qe + T i (a )) (C12)

3. [37.2.1,p]
The sum rule for A/ [37] belonging to [37,2,1,p] is

Inrploser S gy fer
(Aprp) = @) (A — o)

/ dt/ du/Daelwtaeruag iwt(1—ay—uaz) x 8 X <f” 5 2 ( )+‘§4 2;21lp4,ﬂ(g)

fﬂv'q~ fﬂ:v'q~ fﬂuv’q fﬂuv' fﬂuv q
_247f2t2 4 (_)_24ﬂ2t2 4 (_)_ 127Z2t2 47r(_)_ 24ﬂ2t2 47[(_)+ (I)4.ﬂ(g)

fauv-q g
+ 24ﬂ2t2 lP4;7z(a>>' (C13)

GAj[%‘]—Ef.**n‘ (0, 0') =
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The sum rules for E2(37) belonging to [3r.2.1,p] are

g—o SET e f—o 3- f—wr
(/_\'—0[3—] )(A'—*Jr - )

_/ dt/ du/Dae"‘”aﬁ”"‘* for(1=a=ua) 5 4 % <f”—22 x(a )“’];4 z.qlP4;n(Q)

Gaopjoztp (0, 00) =

BB

[2
fﬂ”'q” fﬂU'Q~ fﬂ””}'q fﬂ””j'q fﬂ'l/”]'q”
" 2 )~ g Yaal@) ~ T Pun@) =% p e T Dunla)
Sauv-q
+mqj4;n(ﬂ) ) (C14)
9= -5t f—o far
Gaopjozsy (0. 0) = SERE o, (C15)

The sum rule for A/ [37] belonging to [3.2. 1. p] is

Ini gzt far g e
(/_\Aj g~ w’)(/_\zﬁ* - )

o 1 . o 3ifl 3i 3 3i £l
= / dl‘/ duel(l_”)wte’“wt X 8 X (— lfpmp g;p(”) + = lfﬂmp 2¢g;p<u) lf 453,,( )
0

/7 —
Crgpomsyr (@.0) =

10724 207t (v - q) 107214
3ifllm 3fm v- q L 3ifllm 3ifpmy
10227 (v - q)2¢3p( u) = T () 16022 t2¢4”( u) + WWW(”)

LmZ LmZ 1.2
P P 1
401v - q< >¢2p( ) 40 <‘IQ>W3p( ) 40tvq<QQ>V/4,p(u)
Lm2t ~ i Lm2t2 LmZ ~
L tg.aoGa)tty ) + TR (a0Gad ) - LM g q0Gawi o))
+ /oo dl/l du/Dgei(u’t((lz+u(t3)ei(z)t(l—(zz—u(z3) x 8
0 0
Bifpm} | 3ifym} <, Bifymdu
(o Phole) ~ o Hhote) + ST W (e ). (C18)
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The sum rule for E2(37) belonging to 37,2, 1,p] is

ggg[%_]_’aiJr/)_fE?_[%—]szJr
e [

o L 3iflm 3ifhm3 3zf
:/0 dt/o duei(1=00't giuwt ¢ g 5 <— Ozlzz‘f g;p(”)Jrﬁfﬁz,,( )+ ¢3p( u)

G:.o[sf o 7(a), (U/) ==

=cl2 ]_>:'c P

I 20227 (v - q)
o ) LT ) - I g+ %wﬂmw)
40; " (55 b (1) + ién ; (ss)ph, (u) - 40’2712 (3shwdy (u) + ¢ ﬁ)m% (g,50Gs)d (1)
Jems 2<gqso—Gs>wg,,<> LA 050GA k) + ok by )
3;:(];;2’?20 msll/!;p(u) —mmsw@(u) i él(’)n/’ ms<§s>¢gm(u)+Mmsﬁs)qﬁg;ﬂ(u)
+l§gl my(5s) 3, (u) — S(;(LL) o(58)¢3;, (u) = %m(ss)wip(u)
_ 1"2,:;012 S<§s>¢ﬂ;p(u)-I—%mx@s}y/ﬂw(u))

4 /Oo dl‘/l du/Daeiw’t(a2+ua3)eiwt(l—az—uag) x 8
0 0

3iflm3 3ifhm} - 3iflmdu
x (—40;2,5 W, (@)~ 2 () + #\PM@) . (c17)
4' [3F7 15 07 A,}

The sum rule for Af(37) belonging to [37,1,0,4] is

IN[)-stn fA+ fz++
(Apspy—@ )(Azf+ - o)

3 2 : 2, .
[ / et (I ) ey

4r*t*(m, + my) 8213 (m, + my)

G/\*[ ]_>):++ —(60 C())

< >W4ﬂ( )

<gsq Gq)yu.(u )) (C18)

f
16tv q 256w

The sum rules for Z2(17) belonging to [37, 1,0, 1] are

9oz - Sfeop- fa
(Asg[;] - )(A5;+ - o)

) 1 . L 3 2 / 2.
[ [ (g gt

4n’t*(m, + my) 87213 (m,, + my)

Goop-mgtam (0, 0) =

ife - lf }
3lf7r fn' % - P ifﬂmzzrtv'q -
— . — . - g. , (C1
167T2t37) g msw4,7r(u) + 32(mu + md) mg <SS>¢3’H(M) 192(mu + md) ms<ss> 3,71(”) ( 9)
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g—o 1 Sutr f~0 1 f +
Gay oin (0,0) = oo S ), (C20)
e (Asﬂ.[l |~ 0)/)(/\—+ - w)
|2 =c

9=op-ioni k- F20p A
G:‘ 1— + - N ) = = 0’ C21
2 -ark- (@, @) (e — ) A — ) “

9zt )-stp- S e

c

" Az~ ) (Aar —w)

L iflm3
/ dt/ due'1~ x4 x <4 3 () = m(ﬁ () + m%p()
Lmar?

ifpmy ifpm ifym; I ifymt™, I
m#’m(”) 647 2t2¢4p( u) = 48 <SS>W3;,)(”)— 768 <gsSGGS>‘/’3;p(“)

ifim? iflm ifhm3 iflm3
I 4 < I P < I r <
16p gmsw3;,,(u) 706 . ms<ss>¢z;p(u) - W’%(”)ﬁbzw(”) + mms@@qﬁ@(“)

el 30 )

II el 3
io't(ay+ua 1(1) l—ar—ua L m I L I’I’l I
/ dt/ du/Dae tear-tuas) gior(1—ar—uas) x4 <_ 8212 q)4;p(a) 1672282 lIJ4/)(“)

iFym) g1 (@) - i) (@) - iFymy o (@) — iyt g (a)>. (C22)

871’ t2 4ip 167 t2 4ip 4 t2 4ip 87 l‘2 4p\=

The sum rule for A} [%‘] belonging to [3F, 1,0,4] is

Int g~z eSS
(AA{r [é—] - a)’) (AE*_++ - a))

fam> if ym2v - q
dl d i(1—u) u)t iuwt X 8 X T 17. T a.
/ / e ( 6% t*(m, + my) P () + 367283 (m, + my) (1)

e el) = (080G () ) (©23)

1 —
Gar Brlozitta (0, 0') =

The sum rules for Z2(37) belonging to (35, 1,0, 4] are

e e
(Agp — @) (Ager — o)

) 1 . .. 2 . 2.
:A dl/) duel(l—u)w tolumt s 4 (_Wfﬂ’nﬂ g;ﬂ(l/l) 4 lf,,m,ry q o (M)

Gzop-grta (0, 0) =

—c

(m, +my) 36228 (m, + my) "
if” s lf” T lfn
- ; G . - J= .
T2tv - q <SS>I//4,”< ) 1152 <gs56 S>W4,7t(”) 247[21‘31) q msl//4,n:(”)
famz o ifomito-q
~ 1440m,, +my) ' 864(m. +m,) 5 : C24
144 (m, +my) ms<55>¢3,n(u) + 864 (m, + my) mg(5s) 3’”(u) ( )
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g—o =p f~0 3 f
(A:-O[3—] - )(A:+ - a))

Gzt (@.0) =

Il Il
(1—u)a't mwt L i
/ dt/ due x4 x (6 2/1( ) 127 [4(,[) q>2¢2p( ) 67 [4(,0 q>2¢3p( )

|| 122
ifpmy L ifym; LT ||
WWW(”) t2¢4/)( u)— 72 < 5) 3,;( )— 1152 <9s56G5>‘l/3;p(”)
ifym; i ”m ifim3 i ifim3
P . 1My e\ gl
gy 2ms1l/3;p(u)+ 144 m(s >¢ (1) = Wms<ss>¢2;p(u)+Wms<ss>¢3;p(u)
Il 2 I
Pt b
_ Y I
)L, 0= e (sl () )
I I
ifpm; ifpm}
/ dt/ a’u/Doce’“’“]’?“‘“3 fon(1=e=uas) 5 4 x “on 2t2q)4|1;p(2) 24 3 zq’ﬂ;p(ﬂ)
i m < zf,, lf,,m ) lf,,m U
12ﬂ t2 4[)(“) 24 2t2 ( )_ 6 2 2 4/)(a) 12” t2 T4p(g) N (CZS)

5. [6F’ 1, 0,p]
The sum rule for £2(37) belonging to [6f, 1,0, p] is
gs0 [l‘]—>A+rr‘f =0 [l-]f Af

G - + = ) ! = _02 ° —02 - :07 C26
sk (@, @) (Agop) — @) (Aps — o) o

Isop-l-siaS o fur
(Agop-) — @) (Agr — o)

] Lo Lo 3fm2 if ymio -
:‘/0 dlA duel(l—M)a) lolumt o @ < < f ¢§;ﬂ(u) + f q o (Lt)

4zt (m, + my) 87263 (my, +my) "
if, . if,t

" T60 g A9V () = 560 . <gsz;an>y,4m(u)>. 2

GZO[I S (a) a)’) =

The sum rule for Z(}~) belonging to [64, 1,0, p] is

Geop-lmgtam (0, 0) = =0, (C28)

Jeo et feop far
([_\:-/O[I_—] bl (U/)(/_\E/+ - a))
3 2 : 2, .
/ dt/ due1=11 gt 5 4 (i b (1) +M¢‘3’m(u)

4zt (m, + my) 87213 (m,, + my)

Geppjmiae (0, 0') =

lf,r 3if,
16t1) < >l//4 7[( ) 2562 <g§SGGS>l//4,,( ) 167r2t3v g msl//4;7z(u)
fzrmlzr - P if,,m,zrtv - q _ -
T 320m, 4 my) M9 P5a0) + o5 T s (59105 (1) ) (C29)

gE’O 11 AT —fE/o 1- f +
GE/O[l*]_,AJrK* (w’ wl — = c [2 ] Az K _C [2 ] Ac —_ O, (C30)
R (Agopy — ') (Apr — )
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ey S s

(A—-/O[ -1~ a)/)(/_\zj - (1))

! i(l1—u)o't ,iuw 3me2 imezli'q 5
:A dt/o due'1=11 it 4 <4ﬂ2—K¢§;K(u)+—K x(u)

t*(m, + my) 87213 (m,, + my)
ifx . ifgt

GE';)[ AE e (0, 0') =

<gsqacq>w4;K<u>). (c31)

The sum rule for Q%(37) belonging to [6, 1,0, p] is

gQ(C)[l |-E K- fQOl f~+

Goppyj-zix- (@, @) = (Agop) — @) (Ag: — )

=0, (C32)

Joop--zr x-S oo far
(Agop) — @) (Agr — )

1 ) L 3 2 i AT
_/ dt/ due!1-wo'tgiuat o @ 5 (—meK Ph(u) +—12me,(1) q %.x ()
0 0

4’ t*(m, + my) 87213 (m, + my)

GQO[l ]_,-;/+K—(Cl) a))

ifx . ifgt 3ify
~ T p (Ss)yax(u) — 2560-¢ (9550Gs)yy.x(u) — mmsw;lf(”)
7 SR L Lt R
+ 20m, + m.) m(55) 5.k (u) + 192(m, = m.) my(3s) PG (u) |. (C33)

The sum rule for 237 belonging to 65, 1,0, p] is

Isop-osrt oS o
(AEO[? 1= Cl)/) (A2f+ — CO)

l i 't i famz if ;m2v - q
— dt d i(l-u)'t yiuwr o x| ——JmTm P _ x''n o
A A e ¢ 67%t*(m, + my) ¢3’”(u) 36228 (m, + my) 3,5(“)

721t];ﬂ_ p (QQ>W4;n(u) + “;j;iﬂvtq <gsc_10Gq>y/4;ﬂ(u)> . (C34)

Crogjosrn (@, 0) =

The sum rule for Z2(37) belonging to [65. 1,0, p] is

g-—~/0 3— _),_ o f—-/0[3 ]f'—

Gsz%%-]aa:m-(w’w')_(A:,o[;_]_ N(As —w)
— [T / duei1=00" WX4X( #’%rpé’m(u)—%ﬂi’;ﬁ:}fw) 7. (0)
o (55) + 1o (5005 s 0) + e ()
T {5s) ~ g L (55 ) ) (€35

094008-34



DECAY PROPERTIES OF P-WAVE CHARMED BARYONS ... PHYSICAL REVIEW D 95, 094008 (2017)

gE/CO[ 2ES tK- f—~/03 f2+
(Agog) = @) (Agyr — )

® L o frxm> ifxkmiv-q
_ dt d i(1-u)'t ,iuwt 4 _ KK P _ KK 4
/0 /0 e e 6r°t*(m, + my) Pk (1) 367213 (m,, + my) P ()
ifk ifkt

T2tv - q 1152v - ¢

Geop-joxitk- (0, 0') =

(Gahwax(u) + <gszzqu>w4;K<u>). (C36)

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

gg?[%i]*E;JrK’ng[%*]fE:Jr
(Aqog) — @)(Agr ~ @)

) 1 . S 2 [ 2.
_ A th duei(1-a't ginot o g <_ Jxmi ¢§;K(u) _ ifgmgv-q ¢‘37;K(u>

6% t*(m, + my) 367t} (m, + my)

/N —
Goopjozri k- (0,0) =

721t];K q (Ss)war () + 1115];(; (9:50Gs)pax (u) + ﬁqu msx (1)
frmy - if xmitv - q i
_mms<ss> g;K(M) m < S>¢3;K(M)>. (C37)

6. (65,0, 1, 2]
The sum rule for £2(37) belonging to [64,0, 1,4] is

9ok —>A:n-f 29[%—]]5 AF
(Asop = @) (Aps — @)

1 ) L 3 2 i 2, .
[ [ antmstom s (g gy
0 0

4z’ t*(m, + my) 87213 (m,, + my)
ife

16w.q<qq>w;n( u) +

Gz?[%—]—»/v (w,0') =

e {04aGa i) ). (c38)

9501yt oS xop-1f 5
ng[l‘]—mj;r (60, a)/) — _Z( [2 ] Z; . 2_{6[2 ] P _ O (C39)
: (Asop-) — @) (Ag: — o)

The sum rule for Z(}~) belonging to [65,0, 1,1] is

9eop1o5t - feop-) fa:
C (Agpy - )(AEf_ )
3 2 : 2, .
- [T / =gt (A () - STy

4zt (m, + my) 87213 (m,, + my)

lfﬂ . 3if,
16tU < >l//4 ﬂ( ) +oe— 256w <gsSO-GS>l//4;ﬂ(”) + 16ﬂ2t3v . qmsw4;ﬂ(u)
fﬂmﬂ' - P iffrm%”) q _
o e B () = g C40
32(mu + md) ms<ss>¢3,n’(u) 192(mu ¥ md) ms<ss> 3; r[( ) ( )
g—/o —E —f-—r(] fv—/+

Gasiy s (0.0/) = (c41)

- =0,
(/\a?[ﬂ - )(Aa’; )
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Jeop1oark-Seopfar
(Az/o[l—] - a)’) (AAf — a))

3 2 : 2.
/ di / duei1-00'¢ 4(—— SIM_gp ()~ KK (o

4r*t*(m, + my) 87213 (my, + my)

Geop-1oark- (0, 0') =

it
Qo) + 3t 30k ). ()
g-—/O[l STHK f——/o 1 f2+
Goop-1s+ = =0. C43
_.co[; |2 K (60 (0) (AEZO[%*] _ )(1\2:r _ ) ( )

The sum rule for Q2(37) belonging to [6,0,1,4] is

90 [%*]—»EjK*f o) [{]f B
(Aqu) — @) (Agr — o)
2 .
/ dt/ due!(1-w@'t giuat o @ 5 <——3meK o (1) _—szva 4 ‘3’;K(u)

42t (my, + my) K 87263 (m, + my)

GQQ[%-]-»EjK- (0, 0') =

N
16tv q<_ S)Wax (u )+25£K (9,56Gs)wax (u) +W%msww(u)
2 : 2.
- %msmm%m - %msmmgx(@), (C44)

goop)-= x-S oo S

Goop-mzig-(0,0') = —= = = C45
QUI-ENK (a) a)) (Agg%—] _ w,)(AEﬁf _ w) ( )
7. [6r,1,1,4]
The sum rule for £2(}7) belonging to [6, 1, 1,4] is
Isop-l-as - Feopo1faz
Gz“[r]emf(w’ o) = e 7 =l =0, (C4o6)
e (Agope) — @) (Aps — o)
Is0--5tn sz fz+
Gyori-
st (0 0) = (AEM — ) (Ay: — )
—u)w't ,iuw 3lfﬂ' 3lfﬂv q
/ dt/ due (1- 1 IXS < l4 ¢27E( )+W¢4ﬂ( )
if ymiv-q if mittv - q
ATt 4 HaTxt T G
24 m +md)< >¢3 r[( ) 384(m +m )<gsq6 q>¢3 JT(M)>
/ dt/ du/Daetwta2+ua3 iot(1-oy—uas) w 8 x (_l.};ﬁ# 4;;,(2) _l];;zz quP4,r((l>
3ifv-q if,v-q~ 3ifuv-q if uv-q
_Wq)4ﬂ( )+ A 2 2 ‘I‘4ﬂ( ) W‘M;n(g)‘l’z—‘yu( ) (C47)
The sum rule for (1) belonging to [64, 1, 1,1] is
g—/ f——/ 1- f +
Gaopozip (0.0) = = BEIE g (C48)

(Aagﬂg— —o')(Agr — )
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g—m[l ]_,:/+ f~/01 f-—r+
(Agop- — @) (Ag — )

1-
2

© 1 R 3ifv-q 3ifv-q
_ dt d i(1—u)a't ,iuwt 4 z z
A /) ue e X a X ) 2t4 ¢2ﬂ( ) 302212 ¢4n( )

G ge - TN G ()

Geop-logtiam (0. 0') =

24(m,, +my) 384(m,, + my)
if mzv - q ; ifv-q ifPvq
- mms‘ﬁ&n(u) + Tms<ss>¢2;n(u) + Tms<ss>¢4;”(u)
/ dl‘/ du/Dae’m”’ZJ”‘"’3 ior(1—ay—ua) 5 4 x (—_U;”Z 2q Dy, () - lj;;zt‘zq Wiz(a)
e g 005, (g3l fuir-q
Y q)4”( )+ A2 lP4ﬂ( ) — 4212 ¢4;ﬂ(g)+W\P4;n(Q> ) (C49)

Je0-1-AL K -f= =0 f AF
GE/O 1-1 AT K- (0), a)’) - = 0, (CSO)
FEioACK (A%,] - ><AA¢ )

gzop-1ozik-Saopfer
(A'—/O[l 1~ a)')(l_\E: - (D)

1 A . 3 3
:/ dl/ duei(1-u)o't giuwt o 4 < ifgv- q¢2K( ) %4541(( )
0 0

Ggo L]-=ik- (0, 0') =

2721t

) 2 . 2.,
_ _fxmkv-q (@q) 5.5 (1) — HFmitv g <9‘Y510G4>¢%’;K(”))

24(m,, + my) 384(m, + my)
lCl) a ua lw Oy — U lfKU q lva ) q
/ dt/ du/Dae totuas) gioi(l—ay=ua) x 4 x < 822 ®4;K(Q)_WT4;K(Q)
3ifxv-q ifgv-q = ifguv-q ifguv-q
%CD“(( a) + 4K22 Yyk(a) - #(DQK(Q) ;{7‘{'41(( a) |. (C51)

The sum rule for Q2(37) belonging to [6, 1, 1,4] is

9 -Er K- fQO 1=
(AQOI — )(A-—+ - 0))

GQO[ ]—>:+K_ (Q) a)) 0, (C52)

Jopp-1-zk-faop e
(Agpp-) — @) (Agy — o)

0 : i(l—u)a't yiuw 3lf v-q 3lf v-q
—A th duell-wao'ty ’x8x< K i (u) + 321(4%2%1(()

GQ?[%’]ﬁEZ.*K’ (0, 0') =

27t

l.me%(U'q <— > o ( ) imeKlzv'q
-2 (55)P%. - =
24(my, + my) 3K 384(m,, + my)

j 29 - i . i fot2y -
- A ) 4 P o 55) )+ L (55 )

/ dt/ du/Dae’a”"2+"“3 i) x 8 x <_ IJ;KZt'zqq’zt;K(Q)—lva.q‘Pzt;K(Q)
T

(9s50Gs) g5k (u)

47% 2

3ifgv-q =~ ifxkv-q~ 3ifxuv-q ifguv-q
~ e ®ux(@) + - 5 Ya(a) ~ K7®4;K<Q)+K722T4;K(g) : (C53)
8%t 7 2r°t
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The sum rule for X0 [%‘] belonging to [65, 1, 1,1] is

I59p- 1>zt oS0 fert
(AZOP 1~ w/)(A2f+ — a))

: i(l—u)a't yiuw fﬂU q fﬂv q
:A dt/0 duei1-u)o't, t><8><<—3 2 b () = 487 2t2¢4n()

fdvg o fdteg
* 108(m, + my) <qq>¢3?”(u) T 1728(m,, + my) (95q0Gq) 3;;1(”)

0 1 ., X 5 .
+‘/0 dl/o du/Dgelwt(a2+urx3)€zwt(l—a2—ua3) X 8 % (fﬂv qq)47r< )+ f”l}2 2q‘P4;ﬂ(Q)

GZOP ]_,ZH —(6() CO)

727212 2
fav-q x Sfav-4q fruv-q Tfzuv-q fauv-qy
+ 247Z2I2 4 (_) - 7271'21‘2 ‘P4;n(g) + 671'22‘2 q)4'n(g) - 7271'22‘2 lP4'iT<a) 55 24 212 4]1'( )
(C54)

The sum rule for Z(37) belonging to [64, 1, 1,4] is
ooz e faop e
(As’y[{} — o)Az — )

© 1 . ;o )
_/0 dt[) due!(1-no'1 giuat o 4 5 (_f,;” 4q¢2n( )_fﬂv—zz‘ﬁ%r(”)

3%t

GE/EO[I—]_)E:Jrﬂ.— (&), (1)/) =

fﬂmﬂtzv q

famzv- g .
1728(m, + my) #5a(10)

56Gs)ds.
<gSSO' S> 3,7[(”)+36ﬂ2t2(mu+md)ms 3

famzv-q o,

. 2p.
a0 b ()~ LA qms<ss>¢4m<u>>

72 1152

. Aoo dt/ol du/Dgeia)’t(a2+ua3)eiwt(l—az—MOC;) X 4 x (J;’ézztg @, (a) +57f2”7”2.t2q‘1’4;,,(g)

+ %&)m(g) - 572;17”2;@4;77(2) +f’;;§t'2q<l>4;n(g) - %%;n(“) + fzﬂfvztzq Yyr(a ))

(C55)
Gapppzy k- (@, 0') = (i]:[ ]ﬁiw){;\; J:E +)

/ dt/ due' (17101 piuat 5 4 (_f;vt4q¢2K( ) — Z’gv t21¢41<( u)
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[t [ [ i s (5
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The sum rule for Q2(37) belonging to [6,1,1,4] is

90~ ;*K*fQS[{]ij*
(Aqup-) — @) (Agy — @)
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108( Lt mS

2. . 2.
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72722
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—ﬁ‘ﬂx(@) 21(4 22 'P4K( ) (C57)
8. [6£,2,1,1

The sum rule for 237] belonging to [6.2,1,4] is

gzg[%-]—>23+n‘f29[%']f2z+
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The sum rule for Z2(37) belonging to [6,2,1,4] is
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