
Eur. Phys. J. C (2020) 80:945
https://doi.org/10.1140/epjc/s10052-020-08519-1

Regular Article - Theoretical Physics

Decay properties of Pc states through the Fierz rearrangement

Hua-Xing Chena

School of Physics, Southeast University, Nanjing 210094, China

Received: 2 September 2020 / Accepted: 2 October 2020 / Published online: 13 October 2020
© The Author(s) 2020

Abstract We systematically study hidden-charm
pentaquark currents with the quark configurations [c̄u][udc],
[c̄d][uuc], and [c̄c][uud]. Some of their relations are derived
using the Fierz rearrangement of the Dirac and color indices,
and the obtained results are used to study strong decay prop-
erties of Pc states as D̄(∗)Σc hadronic molecules. We calcu-
late their relative branching ratios for the J/ψp, ηc p, χc0 p,
χc1 p, D̄(∗)0Λ+

c , D̄0Σ+
c , and D̄−Σ++

c decay channels. We
propose to search for the Pc(4312) in the ηc p channel and
the Pc(4440)/Pc(4457) in the D̄0Λ+

c channel.

1 Introduction

Since the discovery of the X (3872) in 2003 by Belle [1],
many charmonium-like XY Z states were discovered in the
past twenty years [2]. Besides, the LHCb Collaboration
observed three enhancements in the J/ψp invariant mass
spectrum of the Λb → J/ψpK decays [3,4]:

Pc(4312)+ : M = 4311.9 ± 0.7+6.8
−0.6 MeV,

Γ = 9.8 ± 2.7+3.7
−4.5 MeV,

Pc(4440)+ : M = 4440.3 ± 1.3+4.1
−4.7 MeV,

Γ = 20.6 ± 4.9+8.7
−10.1 MeV,

Pc(4457)+ : M = 4457.3 ± 0.6+4.1
−1.7 MeV,

Γ = 6.4 ± 2.0+5.7
−1.9 MeV. (1)

These structures contain at least five quarks, c̄cuud, so they
are perfect candidates of hidden-charm pentaquark states.
Together with the charmonium-like XY Z states, their studies
are significantly improving our understanding of the non-
perturbative behaviors of the strong interaction at the low
energy region [5–14].

The Pc(4312), Pc(4440), and Pc(4457) are just below the
D̄Σc and D̄∗Σc thresholds, so it is quite natural to interpret
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them as D̄(∗)Σc hadronic molecular states, whose existence
had been predicted in Refs. [15–19] before the LHCb exper-
iment performed in 2015 [3]. This experiment observed two
structures Pc(4380) and Pc(4450). Later in 2019 another
LHCb experiment [4] observed a new structure Pc(4312)

and further separated the Pc(4450) into two substructures
Pc(4440) and Pc(4457).

To explain these Pc states, various theoretical interpreta-
tions were proposed, such as loosely-bound meson-baryon
molecular states [20–38] and tightly-bound pentaquark
states [39–48], etc. Since they have only been observed in the
J/ψp invariant mass spectrum by LHCb [3,4], it is crucial to
search for some other decay channels in order to better under-
stand their nature. There have been some theoretical studies
on this subject, using the heavy quark symmetry [49,50],
effective approaches [51–54], QCD sum rules [55], and the
quark interchange model [56], etc. We refer to reviews [5–14]
and references therein for detailed discussions.

In this paper we shall apply the Fierz rearrangement of the
Dirac and color indices to study strong decay properties of
Pc states as D̄(∗)Σc hadronic molecules, which method has
been used in Ref. [57] to study strong decay properties of the
Zc(3900) and X (3872). A similar arrangement of the spin
and color indices in the nonrelativistic case was used to study
decay properties of XY Z and Pc states in Refs. [49,56,58–
62].

In this paper we shall use the c̄, c, u, u, and d (q =
u/d) quarks to construct hidden-charm pentaquark currents
with the three configurations: [c̄u][udc], [c̄d][uuc], and
[c̄c][uud]. In Refs. [63–65] we have found that these three
configurations can be related as a whole, while in the present
study we shall further find that two of them are already
enough to be related to each other, just with the color-octet-
color-octet meson-baryon terms included. Using these rela-
tions, we shall study strong decay properties of Pc states as
D̄(∗)Σc molecular states.
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Our strategy is quite straightforward. First we need a
hidden-charm pentaquark current, such as

η1(x, y) = [δabc̄a(x)γ5ub(x)]
×[εcdeuTc (y)Cγμdd(y)γ

μγ5ce(y)], (2)

where a · · · e are color indices. It is the current best coupling
to the D̄0Σ+

c molecular state of J P = 1/2−, through

〈0|η1(x, y)|D̄0Σ+
c ; 1/2−(q)〉 = fPcu(q), (3)

where u(q) is the Dirac spinor of the Pc state.
After the Fierz rearrangement of the Dirac and color

indices, we can transform it to be

η1(x, y) → − 1

12
[c̄a(x ′)γ5ca(x

′)] N (y′)

+ 1

24
[c̄a(x ′)γμca(x

′)] γ μγ5N (y′) + · · · , (4)

where

N = εabc(uTa Cdb)γ5uc − εabc(uTa Cγ5db)uc, (5)

is the Ioffe’s light baryon field well coupling to the pro-
ton [66–68]. Hence, η1(x ′, y′) couples to the ηc p and J/ψp
channels simultaneously:

〈0|η1(x
′, y′)|ηc p〉 ≈ − 1

12
〈0|c̄aγ5ca |ηc〉 〈0|N |p〉 + · · · ,

〈0|η1(x
′, y′)|ψp〉 ≈ 1

24
〈0|c̄aγμca |ψ〉 γ μγ5〈0|N |p〉 + · · · .(6)

The above two equations can be easily used to calculate the
relative branching ratio of the Pc decay into ηc p to its decay
into J/ψp [69]. Detailed discussions on this will be given
below.

This paper is organized as follows. In Sect. 2 we sys-
tematically study hidden-charm pentaquark currents with the
quark content c̄cuud. We consider three different config-
urations, [c̄u][udc], [c̄d][uuc], and [c̄c][uud], whose rela-
tions are derived in Sect. 3 using the Fierz rearrangement
of the Dirac and color indices. In Sect. 4 we extract some
strong decay properties of D̄(∗)0Σ+

c and D̄(∗)−Σ++
c molec-

ular states, which are combined in Sect. 5 to further study
strong decay properties of D̄(∗)Σc molecular states with
I = 1/2. The results are summarized in Sect. 6.

2 Hidden-charm pentaquark currents

We can use c̄, c, u, u, and d (q = u/d) quarks to con-
struct many types of hidden-charm pentaquark currents. In
the present study we need the following three, as illustrated
in Fig. 1:

η(x, y) = [c̄a(x)Γ η
1 ub(x)]

[
[uTc (y)CΓ

η
2 dd(y)] Γ

η
3 ce(y)

]
,

ξ(x, y) = [c̄a(x)Γ ξ
1 db(x)]

[
[uTc (y)CΓ

ξ
2 ud(y)] Γ

ξ
3 ce(y)

]
,

θ(x, y) = [c̄a(x)Γ θ
1 cb(x)]

[
[qTc (y)CΓ θ

2 qd(y)] Γ θ
3 qe(y)

]
,

(7)

where Γ
η/ξ/θ

1/2/3 are Dirac matrices, the subscripts a · · · e are
color indices, and the sum over repeated indices (both super-
scripts and subscripts) is taken.

All the independent hidden-charm tetraquark currents of
J PC = 1+± have been constructed in Refs. [57,70–72].
However, in this case there are hundreds of hidden-charm
pentaquark currents, and it is difficult to find out all the inde-
pendent ones (see Refs. [63,64] for relevant discussions).
Hence, in this paper we shall not construct all the currents,
but just investigate those that are needed to study decay prop-
erties of the Pc(4312), Pc(4440), and Pc(4457). We shall
separately investigate their color and Lorentz structures in
the following subsections.

2.1 Color structure

Taking η(x, y) as an example, there are two possibili-
ties to compose a color-singlet field: [c̄u]1c [udc]1c and
[c̄u]8c [udc]8c . We can use the color-singlet-color-singlet
meson-baryon term

[δabc̄aub][εcdeucddce], (8)

to describe the former, while there are three color-octet-color-
octet meson-baryon terms for the latter:

[λabn c̄aub][εcd f λ f e
n ucddce],

[λabn c̄aub][εde f λ f c
n ucddce],

[λabn c̄aub][εec f λ f d
n ucddce]. (9)

Only two of them are independent due to

εcd f λ
f e
n + εde f λ

f c
n + εec f λ

f d
n = 0, (10)

which is consistent with the group theory that there are two
and only two octets in 3c ⊗ 3c ⊗ 3c = 1c ⊕ 8c ⊕ 8c ⊕ 10c.
Similar argument applies to ξ(x, y) and θ(x, y).

In Refs. [63,64] we use the color rearrangement

δabεcde = δacεbde + δadεcbe + δaeεcdb, (11)

together with the Fierz rearrangement to derive the relations
among all the three types of currents, e.g., we can transform
an η current into the combination of many ξ and θ currents:

η → ξ + θ. (12)
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(a) (b) (c)

Fig. 1 Three types of hidden-charm pentaquark currents. Quarks are shown in red/green/blue color, and antiquarks are shown in
cyan/magenta/yellow color

In the present study we further derive another color rear-
rangement:

δabεcde = 1

3
δaeεbcd − 1

2
λaen εbc f λ

f d
n + 1

2
λaen εbd f λ

f c
n . (13)

Note that the other color-octet-color-octet meson-baryon
term λaen εcd f λ

f b
n can also be included, but the first coefficient

1/3 always remains the same. This is reasonable because the
probability of the relevant fall-apart decay is just 33% if only
considering the color degree of freedom, as shown in Figs. 2a
and 3a.

Using the above color rearrangement in the color space,
together with the Fierz rearrangement in the Lorentz space
to interchange the ub and ce quark fields, we can transform
an η current into the combination of many θ currents (both
color-singlet-color-singlet and color-octet-color-octet ones).
Similar arguments can be applied to relate

η ↔ ξ, ξ ↔ θ, θ ↔ η, (14)

whose explicit formulae will be given in Sect. 3.

2.2 η/ξ(x, y) and heavy baryon fields

In this subsection we construct the η(x, y) and ξ(x, y) cur-
rents. To do this, we need charmed meson operators as well
as their couplings to charmed meson states, which can be
found in Table 1 (see Ref. [57] and references therein for
detailed discussions). We also need “ground-state” charmed
baryon fields, which have been systematically constructed
and studied in Refs. [78–80] using the method of QCD sum
rules [81,82] within the heavy quark effective theory [83–
85]. We briefly summarize the results here.

The interpolating fields coupling to the J P = 1/2+
ground-state charmed baryons Λc and Σc are

JΛ+
c

= εabc[uTa Cγ5db]cc,√
2JΣ++

c
= εabc[uTa Cγμub]γ μγ5cc,

JΣ+
c

= εabc[uTa Cγμdb]γ μγ5cc,√
2JΣ0

c
= εabc[dTa Cγμdb]γ μγ5cc. (15)

Their couplings are defined as

〈0|JB|B〉 = fBuB, (16)

where uB is the Dirac spinor of the charmed baryon B, and
the decay constants fB have been calculated in Refs. [78–80]
to be

fΛc = 0.015 GeV3,

fΣc = 0.036 GeV3. (17)

The above results are evaluated within the heavy quark effec-
tive theory, but for light baryon fields we shall use full QCD
decay constants (see Sect. 2.3). This causes some, but not
large, theoretical uncertainties.

Actually, there are several other charmed baryon fields,
such as:

– the “ground-state” field of pure J P = 3/2+

Jμ

Σ∗+
c

= Pμα
3/2 εabc[uTa Cγαdb]cc, (18)

which couples to the J P = 3/2+ ground-state charmed
baryons Σ∗+

c , with Pμα
3/2 the J = 3/2 projection operator

Pμα
3/2 = gμα − γ μγ α

4
. (19)
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Table 1 Couplings of meson operators to meson states, where color indices are omitted for simplicity. Taken from Ref. [57]

Operators I G J PC Mesons I G J PC Couplings Decay constants

I S = c̄c 0+0++ χc0(1P) 0+0++ 〈0|I S |χc0〉 = mχc0 fχc0 fχc0 = 343 MeV [73]

I P = c̄iγ5c 0+0−+ ηc 0+0−+ 〈0|I P |ηc〉 = ληc ληc = fηc m
2
ηc

2mc

I Vμ = c̄γμc 0−1−− J/ψ 0−1−− 〈0|I Vμ |J/ψ〉 = mJ/ψ f J/ψεμ f J/ψ = 418 MeV [74]

I Aμ = c̄γμγ5c 0+1++ ηc 0+0−+ 〈0|I Aμ |ηc〉 = i pμ fηc fηc = 387 MeV [74]

χc1(1P) 0+1++ 〈0|I Aμ |χc1〉 = mχc1 fχc1εμ fχc1 = 335 MeV [75]

I Tμν = c̄σμνc 0−1±− J/ψ 0−1−− 〈0|I Tμν |J/ψ〉 = i f TJ/ψ (pμεν − pνεμ) f TJ/ψ = 410 MeV [74]

hc(1P) 0−1+− 〈0|I Tμν |hc〉 = i f Thcεμναβεα pβ f Thc = 235 MeV [74]

OS = c̄q 0+ D̄∗
0 0+ 〈0|OS |D̄∗

0 〉 = mD∗
0
fD∗

0
fD∗

0
= 410 MeV [76]

OP = c̄iγ5q 0− D̄ 0− 〈0|OP |D̄〉 = λD λD = fDm2
D

mc+md

OV
μ = c̄γμq 1− D̄∗ 1− 〈0|OV

μ |D̄∗〉 = mD∗ fD∗εμ fD∗ = 253 MeV [77]

OA
μ = c̄γμγ5q 1+ D̄ 0− 〈0|OA

μ |D̄〉 = i pμ fD fD = 211.9 MeV [2]

D̄1 1+ 〈0|OA
μ |D̄1〉 = mD1 fD1εμ fD1 = 356 MeV [76]

OT
μν = c̄σμνq 1± D̄∗ 1− 〈0|OT

μν |D̄∗〉 = i f TD∗ (pμεν − pνεμ) f TD∗ ≈ 220 MeV

– 1+ – –

– the “excited” charmed baryon field

J ∗
B = εabc[uTa Cdb]γ5cc, (20)

which contains the excited diquark field εabcuTa Cdb of
J P = 0−.

For completeness, we list all of them in Appendix B, and
refer to Ref. [86] for detailed discussions. The major advan-
tage of using the heavy quark effective theory is that within
this framework all these charmed baryon fields do not cou-
ple to the J P = 1/2+ ground-state charmed baryons Λc and
Σc [87]. However, some of them, both “ground-state” and
“excited” fields, can couple to the J P = 3/2+ ground-state
charmed baryon Σ∗

c . Hence, we do/can not study decays of
Pc states into the D̄Σ∗

c final state in the present study.
Combing charmed meson operators and ground-state

charmed baryon fields, we can construct the η(x, y) and
ξ(x, y) currents. In the molecular picture the Pc(4312),
Pc(4440), and Pc(4457) can be interpreted as the D̄Σc

hadronic molecular state of J P = 1/2−, the D̄∗Σc one of
J P = 1/2−, and the D̄∗Σc one of J P = 3/2− [19–21]:

|D̄Σc; 1/2−; θ1〉
= cos θ1 |D̄0Σ+

c 〉J=1/2 + sin θ1 |D̄−Σ++
c 〉J=1/2,

(21)

|D̄∗Σc; 1/2−; θ2〉
= cos θ2 |D̄∗0Σ+

c 〉J=1/2 + sin θ2 |D̄∗−Σ++
c 〉J=1/2,

(22)

|D̄∗Σc; 3/2−; θ3〉

= cos θ3 |D̄∗0Σ+
c 〉J=3/2 + sin θ3 |D̄∗−Σ++

c 〉J=3/2,

(23)

where θi (i = 1, 2, 3) are isospin parameters (θi = −55o

for I = 1/2 and θi = 35o for I = 3/2). Their relevant
interpolating currents are:

J (α)
i = cos θi η

(α)
i + sin θi ξ

(α)
i , (24)

where

η1 = [c̄aγ5ua] Σ+
c

= [δabc̄aγ5ub] [εcdeuTc Cγμddγ
μγ5ce], (25)

η2 = [c̄aγνua] γ νγ5Σ
+
c

= [δabc̄aγνub] γ νγ5 [εcdeuTc Cγμddγ
μγ5ce], (26)

ηα
3 = Pαν

3/2 [c̄aγνua] Σ+
c

= [δabc̄aγνub] Pαν
3/2[εcdeuTc Cγμddγ

μγ5ce], (27)

and

ξ1 = [c̄aγ5da] Σ++
c

= 1√
2

[δabc̄aγ5db] [εcdeuTc Cγμudγ
μγ5ce], (28)

ξ2 = [c̄aγνda] γ νγ5Σ
++
c

= 1√
2

[δabc̄aγνdb] γ νγ5 [εcdeuTc Cγμudγ
μγ5ce], (29)

ξα
3 = Pαν

3/2 [c̄aγνda] Σ++
c

= 1√
2

[δabc̄aγνdb] Pαν
3/2[εcdeuTc Cγμudγ

μγ5ce]. (30)

In the above expressions we have written JB as B for sim-
plicity.
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2.3 θ(x, y) and light baryon fields

In this subsection we construct the θ(x, y) currents, which
can be constructed by combing charmonium operators and
light baryon fields. Hence, we need charmonium operators
as well as their couplings to charmonium states, which can
be found in Table 1 (see Ref. [57] and references therein for
detailed discussions). We also need light baryon fields, which
have been systematically studied in Refs. [66–68,88–92]. We
briefly summarize the results here.

According to the results of Ref. [88], we can use u, u, and
d (q = u/d) quarks to construct five independent baryon
fields:

N1 = εabc(uTa Cdb)γ5uc,

N2 = εabc(uTa Cγ5db)uc,

Nμ
3 = Pμα

3/2 εabc(uTa Cγαγ5db)γ5uc, (31)

Nμ
4 = Pμα

3/2 εabc(uTa Cγαdb)uc,

Nμν
5 = Pμναβ

3/2 εabc(uTa Cσαβdb)γ5uc,

where the projection operator Pμναβ
3/2 is

Pμναβ
3/2 = gμαgνβ

2
− gμβgνα

2
− gμα

4
γ νγ β + gμβ

4
γ νγ α

+gνα

4
γ μγ β − gνβ

4
γ μγ α + 1

6
σμνσαβ. (32)

All the other light baryon fields (including other
εabc[uTa CΓ1db]Γ2uc fields as well as all the εabc[uTa CΓ3ub]
Γ4dc fields) can be transformed to N (μν)

1,2,3,4,5, as shown in
Appendix B.

Among the five fields defined in Eqs. (31), the former two
N1,2 have pure spin J = 1/2, and the latter three Nμ(ν)

3,4,5
have pure spin J = 3/2. In the present study we shall study
decays of Pc states into charmonia and protons, but not study
their decays into charmonia and Δ/N∗, since the couplings
of Nμ(ν)

3,4,5 to Δ/N∗ have not been (well) investigated in the lit-

erature. Therefore, we only keep N1,2 but omit Nμ(ν)
3,4,5. More-

over, we shall find that all the terms in our calculations do not
depend on N1 + N2, so we only need to consider the Ioffe’s
light baryon field

N ≡ N1 − N2. (33)

This field has been well studied in Refs. [66–68] and sug-
gested to couple to the proton through

〈0|N |p〉 = f pu p, (34)

with the decay constant evaluated in Ref. [93] to be

f p = 0.011 GeV3. (35)

3 Fierz rearrangement

In this section we study the Fierz rearrangement of theη(x, y)
and ξ(x, y) currents, which will be used to investigate fall-
apart decays of Pc states in Sect. 4. Taking η(x, y) as an
example, when the c̄a(x) and ce(y) quarks meet each other
and the ub(x), uc(y), and dd(y) quarks meet together at the
same time, a D̄(∗)0Σ+

c molecular state can decay into one
charmonium meson and one light baryon. This is the decay
process depicted in Fig. 2a:

[
δabc̄a(x)ub(x)

] [
εcdeuc(y)dd(y)ce(y)

]

→ δabc̄a(x → x ′)ub(x → y′)
⊗ εcdeuc(y → y′)dd(y → y′)ce(y → x ′)

= 1

3
δaeεbcd ⊗ c̄a(x

′)ub(y′) ⊗ uc(y
′)dd(y′)ce(x ′) + · · ·

= 1

3

[
δaec̄a(x

′)ce(x ′)
] ⊕

[
εbcdub(y

′)uc(y′)dd(y′)
]

+ · · · .

(36)

The first step is a dynamical process, during which we assume
that all the color, flavor, spin and orbital structures remain
unchanged, so the relevant current also remains the same.
The second and third steps can be described by applying the
Fierz rearrangement to interchange both the color and Dirac
indices of the ub(y′) and ce(x ′) quark fields.

Still taking η(x, y) as an example: when the c̄a(x) and
uc(y) quarks meet each other and the ub(x), dd(y), and
ce(y) quarks meet together at the same time, a D̄(∗)0Σ+

c
molecular state can decay into one charmed meson and one
charmed baryon, as depicted in Fig. 2b; when the c̄a(x) and
dd(y) quarks meet each other and the ub(x), uc(y), and ce(y)
quarks meet together at the same time, a D̄(∗)0Σ+

c molecu-
lar state can also decay into one charmed meson and one
charmed baryon, as depicted in Fig. 2c. Similarly, decays of
D̄(∗)−Σ++

c molecular states can be investigated through the
ξ(x, y) currents, as depicted in Fig. 3a–c.

In the following subsections we shall study the above
fall-apart decay processes, by applying the Fierz rearrange-
ment [94] of the Dirac and color indices to relate the η, ξ ,
and θ currents. This method has been used to systemati-
cally study light baryon and tetraquark operators/currents in
Refs. [70,71,88–92,95–99]. We note that the Fierz rearrange-
ment in the Lorentz space is actually a matrix identity, which
is valid if each quark field in the initial and final operators is
at the same location, e.g., we can apply the Fierz rearrange-
ment to transform a non-local η current with the quark fields
η = [c̄(x ′)u(y′)] [u(y′)d(y′)c(x ′)] into the combination of
many non-local θ currents with the quark fields at same loca-
tions θ = [c̄(x ′)c(x ′)] [u(y′)u(y′)d(y′)]. Hence, this rear-
rangement exactly describes the third step of Eq. (36).
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Fig. 2 Fall-apart decays of Pc states as D̄(∗)0Σ+
c molecular states, investigated through the η(x, y) currents. There are three possibilities: a η → θ ,

b η → η, and c η → ξ . Their probabilities are the same (33%), if only considering the color degree of freedom

d
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c
c
_

c
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(a) ξ → θ

d
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c

c
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c
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c

c
_

c
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(c) ξ → η

Fig. 3 Fall-apart decays of Pc states as D̄(∗)−Σ++
c molecular states, investigated through the ξ(x, y) currents. There are three possibilities: a

ξ → θ , b ξ → η, and c again ξ → η. Their probabilities are the same (33%), if only considering the color degree of freedom

3.1 η → θ and ξ → θ

Using Eq. (13), together with the Fierz rearrangement to
interchange the ub and ce quark fields, we can transform
an η(x, y) current into the combination of many θ currents:

η1 → 1

12
[c̄aca] γ5N − 1

12
[c̄aγ5ca] N

+ 1

24
[c̄aγμγ5ca] γ μN + 1

24
[c̄aγμca] γ μγ5N

+ · · · , (37)

η2 → 1

6
[c̄aca] γ5N + 1

6
[c̄aγ5ca] N

+ 1

12
[c̄aγμγ5ca] γ μN − 1

12
[c̄aγμca] γ μγ5N

− 1

12
[c̄aσμνca] σμνγ5N + · · · , (38)

ηα
3 → [c̄aγμγ5ca]

(
1

16
gαμγ5 + i

48
σαμγ5

)
N

+ [c̄aγμca]
(

− 1

16
gαμ − i

48
σαμ

)
N + · · · . (39)

In the above transformations we have changed the coordi-
nates according to the first step of Eq. (36), which are not
shown explicitly here for simplicity. Besides, we have omit-
ted in · · · that: (a) the color-octet-color-octet meson-baryon
terms, and (b) terms depending on the J = 3/2 light baryon
fields Nμ(ν)

3,4,5. Hence, we have only kept, but kept all, the color-
singlet-color-singlet meson-baryon terms depending on the
J = 1/2 fields N1 and N2. This is not an easy task because we
need to use many identities given in Eqs. (B.27) and (B.28)
of Appendix B in order to safely omit Nμ(ν)

3,4,5. Moreover, we
can find in the above expressions that all terms contain the
Ioffe’s light baryon field N ≡ N1 − N2, and there are no
terms depending on N1 + N2.

The above transformations can be used to describe the fall-
apart decay process depicted in Fig. 2a for D̄(∗)0Σ+

c molec-
ular states. Similarly, we can investigate the fall-apart decay
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process depicted in Fig. 3a for D̄(∗)−Σ++
c molecular states.

To do this, we need to use Eq. (13), together with the Fierz
rearrangement to interchange the db and ce quark fields, to
transform a ξ(x, y) current into the combination of many θ

currents:

√
2ξ1 → −1

6
[c̄aca] γ5N + 1

6
[c̄aγ5ca] N

− 1

12
[c̄aγμγ5ca] γ μN − 1

12
[c̄aγμca] γ μγ5N

+ · · · , (40)
√

2ξ2 → −1

3
[c̄aca] γ5N − 1

3
[c̄aγ5ca] N

− 1

6
[c̄aγμγ5ca] γ μN + 1

6
[c̄aγμca] γ μγ5N

+ 1

6
[c̄aσμνca] σμνγ5N + · · · , (41)

√
2ξα

3 → [c̄aγμγ5ca]
(

−1

8
gαμγ5 − i

24
σαμγ5

)
N

+ [c̄aγμca]
(

1

8
gαμ + i

24
σαμ

)
N + · · · . (42)

3.2 η → η and η → ξ

First we derive a color rearrangement similar to Eq. (13):

δabεcde = 1

3
δacεbde − 1

2
λacn εbd f λ

f e
n + 1

2
λacn εbe f λ

f d
n .

(43)

Using this identity, together with the Fierz rearrangement to
interchange the ub and uc quark fields, we can transform an
η(x, y) current into the combination of many η currents.

Besides, we can derive another similar color rearrange-
ment:

δabεcde = 1

3
δadεcbe + 1

2
λadn εbc f λ

f e
n − 1

2
λadn εbe f λ

f c
n .

(44)

Using this identity, together with the Fierz rearrangement to
interchange the ub and dd quark fields, we can transform an
η(x, y) current into the combination of many ξ currents.

The above two transformations describe the fall-apart
decay processes depicted in Fig. 2b, c for D̄(∗)0Σ+

c molecular
states. Altogether, we obtain:

η1 → 1

12
[c̄aγμua] γ μγ5Λ

+
c

− 1

12
[c̄aγ5ua] Σ+

c −
√

2

12
[c̄aγ5da] Σ++

c

− 1

24
[c̄aσμνua] εμνρσ γσ γ5

(
−1

4
γργ5Σ

+
c

)

−
√

2

24
[c̄aσμνda]εμνρσ γσ γ5

(
−1

4
γργ5Σ

++
c

)
+ · · · ,

(45)

η2 → 1

3
[c̄aγ5ua] Λ+

c − 1

12
[c̄aσμνua] σμνγ5Λ

+
c

− 1

6
[c̄aγμua]

(
−1

4
γ μγ5Σ

+
c

)

− i

6
[c̄aγμγ5ua] σμνγ5

(
−1

4
γνγ5Σ

+
c

)

−
√

2

6
[c̄aγμda]

(
−1

4
γ μγ5Σ

++
c

)

− i
√

2

6
[c̄aγμγ5da] σμνγ5

(
−1

4
γνγ5Σ

++
c

)
+ · · · ,

(46)

ηα
3 →

(
− i

48
gαμγ ν + i

48
gανγ μ − 1

48
εαβμνγβγ5

)

× [c̄aσμνua] Λ+
c

+
(

− 1

12
gαμγ νγ5 − 1

12
gανγ μγ5 + 1

24
gμνγ αγ5

)

× [c̄aγμua]
(

−1

4
γνγ5Σ

+
c

)

+
(

1

24
gαμγ ν − 1

24
gανγ μ − i

24
εαβμνγβγ5

)

× [c̄aγμγ5ua]
(

−1

4
γνγ5Σ

+
c

)

×
(

− 1

12
gαμγ νγ5 − 1

12
gανγ μγ5 + 1

24
gμνγ αγ5

)

× √
2 [c̄aγμda]

(
−1

4
γνγ5Σ

++
c

)

+
(

1

24
gαμγ ν − 1

24
gανγ μ − i

24
εαβμνγβγ5

)

× √
2[c̄aγμγ5da]

(
−1

4
γνγ5Σ

++
c

)
+ · · · . (47)

In the above transformations we have only kept, but kept all,
the color-singlet-color-singlet meson-baryon terms depend-
ing on the J P = 1/2+ “ground-state” charmed baryon fields
given in Eqs. (15). Again, this is not an easy task because
we need to carefully omit the terms depending on the other
charmed baryon fields, BG

3̄,1
, BG

3̄,3
, BG

3̄,μ
, BU

6,5, BU
6,μ, B ′U

6,μ,

and BU
6,μν , whose definitions can be found in Appendix B.

3.3 ξ → η

Following the procedures used in the previous subsection,
we can transform a ξ(x, y) current into the combination of
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many η currents (without ξ currents):

√
2ξ1 → −1

6
[c̄aγμua] γ μγ5Λ

+
c − 1

6
[c̄aγ5ua] Σ+

c

− 1

12
[c̄aσμνua] εμνρσ γσ γ5

(
−1

4
γργ5Σ

+
c

)

+ · · · , (48)
√

2ξ2 → −2

3
[c̄aγ5ua] Λ+

c + 1

6
[c̄aσμνua] σμνγ5Λ

+
c

− 1

3
[c̄aγμua]

(
−1

4
γ μγ5Σ

+
c

)

− i

3
[c̄aγμγ5ua] σμνγ5

(
−1

4
γνγ5Σ

+
c

)
+ · · · ,

(49)
√

2ξα
3 →

(
i

24
gαμγ ν − i

24
gανγ μ + 1

24
εαβμνγβγ5

)

× [c̄aσμνua] Λ+
c

+
(

−1

6
gαμγ νγ5 − 1

6
gανγ μγ5 + 1

12
gμνγ αγ5

)

× [c̄aγμua]
(

−1

4
γνγ5Σ

+
c

)

+
(

1

12
gαμγ ν − 1

12
gανγ μ − i

12
εαβμνγβγ5

)

× [c̄aγμγ5ua]
(

−1

4
γνγ5Σ

+
c

)
+ · · · . (50)

The above transformations describe the fall-apart decay pro-
cesses depicted in Fig. 3b, c for D̄(∗)−Σ++

c molecular states.

4 Decay properties of D̄(∗)0Σ+
c and D̄(∗)−Σ++

c
molecular states

In this section we use the Fierz rearrangements derived in
the previous section to extract some strong decay proper-
ties of D̄(∗)0Σ+

c and D̄(∗)−Σ++
c molecular states. We shall

separately investigate:

– |D̄0Σ+
c ; 1/2−〉, the D̄0Σ+

c molecular state of J P =
1/2−, through the η1(x, y) current and the Fierz rear-
rangements given in Eqs. (37) and (45);

– |D̄−Σ++
c ; 1/2−〉, the D̄−Σ++

c molecular state of J P =
1/2−, through the ξ1(x, y) current and the Fierz rear-
rangements given in Eqs. (40) and (48);

– |D̄∗0Σ+
c ; 1/2−〉, the D̄∗0Σ+

c molecular state of J P =
1/2−, through the η2(x, y) current and the Fierz rear-
rangements given in Eqs. (38) and (46);

– |D̄∗−Σ++
c ; 1/2−〉, the D̄∗−Σ++

c molecular state of
J P = 1/2−, through the ξ2(x, y) current and the Fierz
rearrangements given in Eqs. (41) and (49);

– |D̄∗0Σ+
c ; 3/2−〉, the D̄∗0Σ+

c molecular state of J P =
3/2−, through the ηα

3 (x, y) current and the Fierz rear-
rangements given in Eqs. (39) and (47);

– |D̄∗−Σ++
c ; 3/2−〉, the D̄∗−Σ++

c molecular state of
J P = 3/2−, through the ξα

3 (x, y) current and the Fierz
rearrangements given in Eqs. (42) and (50).

The obtained results will be combined in Sect. 5 to fur-
ther study decay properties of D̄(∗)Σc molecular states with
definite isospins.

4.1 η1 → θ/η/ξ

In this subsection we study strong decay properties of
|D̄0Σ+

c ; 1/2−〉 through the η1(x, y) current. First we use
the Fierz rearrangement given in Eq. (37) to study the decay
process depicted in Fig. 2a, i.e., decays of |D̄0Σ+

c ; 1/2−〉
into one charmonium meson and one light baryon. Together
with Table 1, we extract the following decay channels that
are kinematically allowed:

1. The decay of |D̄0Σ+
c ; 1/2−〉 into ηc p is contributed by

both [c̄aγ5ca] N and [c̄aγμγ5ca] γ μN :

〈D̄0Σ+
c ; 1/2−(q) | ηc(q1) p(q2)〉

≈ ia1

12
ληc f p ūu p + ia1

24
fηc f p q

μ
1 ūγμu p

≡ Aηc p ūu p + A′
ηc p q

μ
1 ūγμu p, (51)

where u and u p are the Dirac spinors of the Pc state
with J P = 1/2− and the proton, respectively; a1 is
an overall factor, related to the coupling of η1(x, y)
to |D̄0Σ+

c ; 1/2−〉 as well as the dynamical process of
Fig. 2a; the two coupling constants Aηc p and A′

ηc p are
defined for the two different effective Lagrangians

Lηc p = Aηc p P̄cN ηc, (52)

L′
ηc p = A′

ηc p P̄cγμN ∂μηc. (53)

2. The decay of |D̄0Σ+
c ; 1/2−〉 into J/ψp is contributed

by [c̄aγμca] γ μγ5N :

〈D̄0Σ+
c ; 1/2−(q)|J/ψ(q1, ε1) p(q2)〉

≈ a1

24
mJ/ψ f J/ψ f p ε

μ
1 ūγμγ5u p

≡ Aψp ε
μ
1 ūγμγ5u p, (54)

where Aψp is defined for

Lψp = Aψp P̄cγμγ5N ψμ. (55)
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Then we use the Fierz rearrangement given in Eq. (45) to
study the decay processes depicted in Fig. 2b, c, i.e., decays
of |D̄0Σ+

c ; 1/2−〉 into one charmed meson and one charmed
baryon. Together with Table 1, we extract only one decay
channel that is kinematically allowed:

3. The decay of |D̄0Σ+
c ; 1/2−〉 into D̄∗0Λ+

c is contributed
by [c̄aγμua] γ μγ5Λ

+
c :

〈D̄0Σ+
c ; 1/2−(q) | D̄∗0(q1, ε1) Λ+

c (q2)〉
≈ a2

12
mD∗ fD∗ fΛc ε

μ
1 ūγμγ5uΛc

≡ AD̄∗Λc
ε
μ
1 ūγμγ5uΛ+

c
, (56)

where uΛc is the Dirac spinor of the Λ+
c ; a2 is an

overall factor, related to the coupling of η1(x, y) to
|D̄0Σ+

c ; 1/2−〉 as well as the dynamical processes of
Fig. 2b, c; the coupling constant AD̄∗Λc

is defined for

LD̄∗Λc
= AD̄∗Λc

P̄cγμγ5Λ
+
c D̄∗,μ. (57)

In the molecular picture the Pc(4312) is usually inter-
preted as the D̄Σc hadronic molecular state of J P = 1/2−.
Accordingly, we assume the mass of |D̄0Σ+

c ; 1/2−〉 to be
4311.9 MeV (more parameters can be found in Appendix
A), and summarize the above decay amplitudes to obtain the
following (relative) decay widths:

Γ (|D̄0Σ+
c ; 1/2−〉 → ηc p) = a2

1 1.1 × 105 GeV7,

Γ (|D̄0Σ+
c ; 1/2−〉 → J/ψp) = a2

1 2.8 × 104 GeV7,

Γ (|D̄0Σ+
c ; 1/2−〉 → D̄∗0Λ+

c ) = a2
2 2.0 × 104 GeV7.

(58)

There are two different effective Lagrangians for the
|D̄0Σ+

c ; 1/2−〉 decays into the ηc p final state, as given in
Eqs. (52) and (53). It is interesting to see their individual
contributions:

Γ (|D̄0Σ+
c ; 1/2−〉 → ηc p)

∣∣Lηc p
= a2

1 4.9 × 104 GeV7,

Γ (|D̄0Σ+
c ; 1/2−〉 → ηc p)

∣∣L′
ηc p

= a2
1 1.1 × 104 GeV7.

(59)

Hence, the former is about four times larger than the lat-
ter. We note that their interference can be important, but the
phase angle between them, i.e., the phase angle between the
two coupling constants Aηc p and A′

ηc p, can not be well deter-
mined in the present study. We shall investigate its relevant
uncertainty in Appendix C.

4.2 ξ1 → θ/η

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of |D̄−Σ++

c ; 1/2−〉,

through the ξ1(x, y) current and the Fierz rearrangements
given in Eqs. (40) and (48). Again, we assume its mass to
be 4311.9 MeV, and obtain the following (relative) decay
widths:

Γ (|D̄−Σ++
c ; 1/2−〉 → ηc p) = b2

1 2.1 × 105 GeV7,

Γ (|D̄−Σ++
c ; 1/2−〉 → J/ψp) = b2

1 5.7 × 104 GeV7,

Γ (|D̄−Σ++
c ; 1/2−〉 → D̄∗0Λ+

c ) = b2
2 3.9 × 104 GeV7.

(60)

Here b1 and b2 are two overall factors, which we simply
assume to be b1 = a1 and b2 = a2 in the following analyses.

The above widths of the |D̄−Σ++
c ; 1/2−〉 decays into the

ηc p, J/ψp, and D̄∗0Λ+
c final states are all two times larger

than those given in Eq. (58) for the |D̄0Σ+
c ; 1/2−〉 decays.

4.3 η2 → θ/η/ξ

In this subsection we follow the procedures used in Sect. 4.1
to study decay properties of |D̄∗0Σ+

c ; 1/2−〉 through the
η2(x, y) current. First we use the Fierz rearrangement given
in Eq. (38) to study the decay process depicted in Fig. 2a:

1. The decay of |D̄∗0Σ+
c ; 1/2−〉 into ηc p is

〈D̄∗0Σ+
c ; 1/2−(q) | ηc(q1) p(q2)〉

≈ − ic1

6
ληc f p ūu p + ic1

12
fηc f p q

μ
1 ūγμu p

≡ Cηc p ūu p + C ′
ηc p q

μ
1 ūγμu p, (61)

where c1 is an overall factor.
2. The decay of |D̄∗0Σ+

c ; 1/2−〉 into J/ψp is contributed
by both [c̄aγμca] γ μγ5N and [c̄aσμνca] σμνγ5N :

〈D̄∗0Σ+
c ; 1/2−(q)|J/ψ(q1, ε1) p(q2)〉

≈ − c1

12
mJ/ψ f J/ψ f p ε

μ
1 ūγμγ5u p

− ic1

6
f TJ/ψ f p q

μ
1 εν

1 ūσμνγ5u p

≡ Cψp ε
μ
1 ūγμγ5u p + C ′

ψp q
μ
1 εν

1 ūσμνγ5u p, (62)

where the two coupling constants Cψp and C ′
ψp are

defined for

Lψp = Cψp P̄cγμγ5N ψμ, (63)

L′
ψp = C ′

ψp P̄cσμνγ5N ∂μψν. (64)

3. The decay of |D̄∗0Σ+
c ; 1/2−〉 into χc0(1P)p is con-

tributed by [c̄aca] γ5N :

〈D̄∗0Σ+
c ; 1/2−(q)|χc0(q1) p(q2)〉

≈ c1

6
mχc0 fχc0 f p ūγ5u p
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≡ Cχc0 p ūγ5u p, (65)

where Cχc0 p is defined for

Lχc0 p = Cχc0 p P̄cγ5N χc0. (66)

4. The decay of |D̄∗0Σ+
c ; 1/2−〉 into χc1(1P)p is con-

tributed by [c̄aγμγ5ca] γ μN :

〈D̄∗0Σ+
c ; 1/2−(q)|χc1(q1, ε1) p(q2)〉

≈ c1

12
mχc1 fχc1 f p ε

μ
1 ūγμu p

≡ Cχc1 p ε
μ
1 ūγμu p, (67)

where Cχc1 p is defined for

Lχc1 p = Cχc1 p P̄cγμN χ
μ
c1. (68)

This decay channel may be kinematically allowed,
depending on whether the Pc(4457) is interpreted as
|D̄∗0Σ+

c ; 1/2−〉 or not.

Then we use the Fierz rearrangement given in Eq. (46) to
study the decay processes depicted in Fig. 2b, c:

5. The decay of |D̄∗0Σ+
c ; 1/2−〉 into D̄0Λ+

c is contributed
by [c̄aγ5ua] Λ+

c :

〈D̄∗0Σ+
c ; 1/2−(q) | D̄0(q1) Λ+

c (q2)〉
≈ − ic2

3
λD fΛc ūuΛc

≡ CD̄Λc
ūuΛc , (69)

where c2 is an overall factor, and the coupling constant
CD̄Λc

is defined for

LD̄Λc
= CD̄Λc

P̄cΛ
+
c D̄0. (70)

6. The decay of |D̄∗0Σ+
c ; 1/2−〉 into D̄∗0Λ+

c is contributed
by [c̄aσμνua] σμνγ5Λ

+
c :

〈D̄∗0Σ+
c ; 1/2−(q) | D̄∗0(q1, ε1) Λ+

c (q2)〉
≈ − ic2

6
f TD∗ fΛc q

μ
1 εν

1 ūσμνγ5uΛc

≡ C ′
D̄∗Λc

qμ
1 εν

1 ūσμνγ5uΛc , (71)

where C ′
D̄∗Λc

is defined for

L′
D̄∗Λc

= C ′
D̄∗Λc

P̄cσμνγ5Λ
+
c ∂μ D̄∗0,ν . (72)

7. Decays of |D̄∗0Σ+
c ; 1/2−〉 into the D̄0Σ+

c and D̄−Σ++
c

final states are:

〈D̄∗0Σ+
c ; 1/2−(q) | D̄0(q1) Σ+

c (q2)〉
≈ ic2

8
fD fΣc q

μ
1 ūγμuΣc

≡ CD̄Σc
qμ

1 ūγμuΣc , (73)

〈D̄∗0Σ+
c ; 1/2−(q) | D̄−(q1) Σ++

c (q2)〉
≈ i

√
2c2

8
fD fΣc q

μ
1 ūγμuΣc

≡ √
2CD̄Σc

qμ
1 ūγμuΣc , (74)

where CD̄Σc
is defined for

LD̄Σc
= CD̄Σc

P̄cγμΣ+
c ∂μ D̄0

+√
2CD̄Σc

P̄cγμΣ++
c ∂μ D̄−. (75)

In the molecular picture the Pc(4440) is sometimes inter-
preted as the D̄∗Σc hadronic molecular state of J P = 1/2−.
Accordingly, we assume the mass of |D̄∗0Σ+

c ; 1/2−〉 to be
4440.3 MeV, and summarize the above decay amplitudes to
obtain the following (relative) decay widths:

Γ (|D̄∗0Σ+
c ; 1/2−〉 → ηc p) = c2

1 5.8 × 104 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → J/ψp) = c2

1 4.6 × 105 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → χc0 p) = c2

1 2.0 × 103 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → D̄0Λ+

c ) = c2
2 5.5 × 105 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → D̄∗0Λ+

c ) = c2
2 1.9 × 105 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → D̄0Σ+

c ) = c2
2 1.6 × 105 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → D̄−Σ++

c ) = c2
2 3.2 × 105 GeV7.

(76)

Besides, |D̄∗0Σ+
c ; 1/2−〉 can also couple to χc1 p, but this

channel is kinematically forbidden under the assumption
M|D̄∗0Σ+

c ;1/2−〉 = 4440.3 MeV.
There are two different effective Lagrangians for the

|D̄∗0Σ+
c ; 1/2−〉 decays into the J/ψp final state, as given

in Eqs. (63) and (64). It is interesting to see their individual
contributions:

Γ (|D̄∗0Σ+
c ; 1/2−〉 → J/ψp)

∣∣Lψp
= c2

1 1.5 × 105 GeV7,

Γ (|D̄∗0Σ+
c ; 1/2−〉 → J/ψp)

∣∣L′
ψp

= c2
1 6.1 × 105 GeV7.

(77)

Hence, the former is about four times smaller than the lat-
ter. Again, the phase angle between them can be important,
whose relevant uncertainty will be investigated in Appendix
C.
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4.4 ξ2 → θ/η

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of |D̄∗−Σ++

c ; 1/2−〉,
through the ξ2(x, y) current and the Fierz rearrangements
given in Eqs. (41) and (49). Again, we assume its mass to
be 4440.3 MeV, and obtain the following (relative) decay
widths:

Γ (|D̄∗−Σ++
c ; 1/2−〉 → ηc p) = d2

1 1.2 × 105 GeV7,

Γ (|D̄∗−Σ++
c ; 1/2−〉 → J/ψp) = d2

1 9.3 × 105 GeV7,

Γ (|D̄∗−Σ++
c ; 1/2−〉 → χc0 p) = d2

1 4.1 × 103 GeV7,

Γ (|D̄∗−Σ++
c ; 1/2−〉 → D̄0Λ+

c ) = d2
2 1.1 × 106 GeV7,

Γ (|D̄∗−Σ++
c ; 1/2−〉 → D̄∗0Λ+

c ) = d2
2 3.8 × 105 GeV7,

Γ (|D̄∗−Σ++
c ; 1/2−〉 → D̄0Σ+

c ) = d2
2 3.2 × 105 GeV7.

(78)

Here d1 and d2 are two overall factors, which we simply
assume to be d1 = c1 and d2 = c2 in the following analyses.

The above results suggest that |D̄∗−Σ++
c ; 1/2−〉 can not

fall-apart decay into the D̄−Σ++
c final state, as depicted

in Fig. 3b, c, while |D̄∗0Σ+
c ; 1/2−〉 can. The widths of

the |D̄∗−Σ++
c ; 1/2−〉 decays into other final states, includ-

ing ηc p, J/ψp, χc0 p, D̄0Λ+
c , D̄∗0Λ+

c , and D̄0Σ+
c , are

all two times larger than those given in Eq. (76) for the
|D̄∗0Σ+

c ; 1/2−〉 decays.

4.5 ηα
3 → θ/η/ξ

In this subsection we follow the procedures used in Sects. 4.1
and 4.3 to study decay properties of |D̄∗0Σ+

c ; 3/2−〉 through
the ηα

3 (x, y) current. First we use the Fierz rearrangement
given in Eq. (39) to study the decay process depicted in
Fig. 2a:

1. The decay of |D̄∗0Σ+
c ; 3/2−〉 into ηc p is

〈D̄∗0Σ+
c ; 3/2−(q) | ηc(q1) p(q2)〉

≈ ie1 fηc f p q
μ
1 ū

α

(
1

16
gαμγ5 + i

48
σαμγ5

)
u p,

(79)

where uα is the spinor of the Pc state with J P = 3/2−,
and e1 is an overall factor.

2. The decay of |D̄∗0Σ+
c ; 3/2−〉 into J/ψp is

〈D̄∗0Σ+
c ; 3/2−(q)|J/ψ(q1, ε1) p(q2)〉

≈ e1 mJ/ψ f J/ψ f p ε
μ
1 ū

α

(
− 1

16
gαμ − i

48
σαμ

)
u p.

(80)

3. The decay of |D̄∗0Σ+
c ; 3/2−〉 into χc1(1P)p is

〈D̄∗0Σ+
c ; 3/2−(q)|χc1(q1, ε1) p(q2)〉

≈ e1 mχc1 fχc1 f p ε
μ
1 ū

α

(
1

16
gαμγ5 + i

48
σαμγ5

)
u p.

(81)

This decay channel may be kinematically allowed,
depending on whether the Pc(4457) is interpreted as
|D̄∗0Σ+

c ; 3/2−〉 or not.

Then we use the Fierz rearrangement given in Eq. (47) to
study the decay processes depicted in Fig. 2b, c:

4. The decay of |D̄∗0Σ+
c ; 3/2−〉 into D̄∗0Λ+

c is

〈D̄∗0Σ+
c ; 3/2−(q) | D̄∗0(q1, ε1) Λ+

c (q2)〉
≈ 2ie2 f TD∗ fΛc q

μ
1 εν

1

×ūα

(
− i

48
gαμγ ν+ i

48
gανγ μ − 1

48
εαβμνγβγ5

)
uΛc ,

(82)

where e2 is an overall factor.
5. Decays of |D̄∗0Σ+

c ; 3/2−〉 into the D̄0Σ+
c and D̄−Σ++

c
final states are:

〈D̄∗0Σ+
c ; 3/2−(q) | D̄0(q1) Σ+

c (q2)〉
≈ ie2 fD fΣc q

μ
1

× ūα

(
1

24
gαμγ ν − 1

24
gανγ μ − i

24
εαβμνγβγ5

)

×
(

−1

4
γνγ5

)
uΣc , (83)

〈D̄∗0Σ+
c ; 3/2−(q) | D̄−(q1) Σ++

c (q2)〉
≈ √

2ie2 fD fΣc q
μ
1

× ūα

(
1

24
gαμγ ν − 1

24
gανγ μ − i

24
εαβμνγβγ5

)

×
(

−1

4
γνγ5

)
uΣc . (84)

In the molecular picture the Pc(4457) is sometimes inter-
preted as the D̄∗Σc hadronic molecular state of J P = 3/2−.
Accordingly, we assume the mass of |D̄∗0Σ+

c ; 3/2−〉 to be
4457.3 MeV, and summarize the above decay amplitudes to
obtain the following (relative) decay widths:

Γ (|D̄∗0Σ+
c ; 3/2−〉 → ηc p) = e2

1 240 GeV7,

Γ (|D̄∗0Σ+
c ; 3/2−〉 → J/ψp) = e2

1 4.7 × 104 GeV7,

Γ (|D̄∗0Σ+
c ; 3/2−〉 → χc1 p) = e2

1 15 GeV7,

Γ (|D̄∗0Σ+
c ; 3/2−〉 → D̄∗0Λ+

c ) = e2
2 1.6 × 104 GeV7,
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Γ (|D̄∗0Σ+
c ; 3/2−〉 → D̄0Σ+

c ) = e2
2 5.7 GeV7,

Γ (|D̄∗0Σ+
c ; 3/2−〉 → D̄−Σ++

c ) = e2
2 11 GeV7. (85)

Hence, |D̄∗0Σ+
c ; 3/2−〉 does not couple to the χc0 p channel,

different from |D̄∗0Σ+
c ; 1/2−〉.

4.6 ξα
3 → θ/η

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of |D̄∗−Σ++

c ; 3/2−〉,
through the ξα

3 (x, y) current and the Fierz rearrangements
given in Eqs. (42) and (50). Again, we assume its mass to
be 4457.3 MeV, and obtain the following (relative) decay
widths:

Γ (|D̄∗−Σ++
c ; 3/2−〉 → ηc p) = f 2

1 490 GeV7,

Γ (|D̄∗−Σ++
c ; 3/2−〉 → J/ψp) = f 2

1 9.3 × 104 GeV7,

Γ (|D̄∗−Σ++
c ; 3/2−〉 → χc1 p) = f 2

1 30 GeV7,

Γ (|D̄∗−Σ++
c ; 3/2−〉 → D̄∗0Λ+

c ) = f 2
2 3.3 × 104 GeV7,

Γ (|D̄∗−Σ++
c ; 3/2−〉 → D̄0Σ+

c ) = f 2
2 11 GeV7. (86)

Here f1 and f2 are two overall factors, which we simply
assume to be f1 = e1 and f2 = e2 in the following analyses.

The above results suggest that |D̄∗−Σ++
c ; 3/2−〉 can not

fall-apart decay into the D̄−Σ++
c final state, as depicted in

Fig. 3b, c, while |D̄∗0Σ+
c ; 3/2−〉 can. The widths of the

|D̄∗−Σ++
c ; 3/2−〉 decays into other final states, including

ηc p, J/ψp, χc1 p, D̄∗0Λ+
c , and D̄0Σ+

c , are all two times
larger than those given in Eq. (85) for the |D̄∗0Σ+

c ; 3/2−〉
decays.

5 Isospin of D̄(∗)Σc molecular states

In this section we collect the results calculated in the previous
section to further study decay properties of D̄(∗)Σc molecular
states with definite isospins.

The D̄(∗)Σc molecular states with I = 1/2 can be
obtained by using Eqs. (21), (22), and (23) with θi = −55o:

∣∣∣∣D̄(∗)Σc; 1

2

−
/

3

2

−〉

=
√

1

3
|D̄(∗)0Σ+

c 〉J= 1
2 / 3

2
−

√
2

3
|D̄(∗)−Σ++

c 〉J= 1
2 / 3

2
.

(87)

Combining the results of Sects. 4.1 and 4.2, we obtain:

Γ (|D̄Σc; 1/2−〉 → ηc p) = a2
1 3.2 × 105 GeV7 ,

Γ (|D̄Σc; 1/2−〉 → J/ψp) = a2
1 8.5 × 104 GeV7 ,

Γ (|D̄Σc; 1/2−〉 → D̄∗0Λ+
c ) = a2

2 5.9 × 104 GeV7 . (88)

Combining the results of Sects. 4.3 and 4.4, we obtain:

Γ (|D̄∗Σc; 1/2−〉 → ηc p) = c2
1 1.7 × 105 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → J/ψp) = c2
1 1.4 × 106 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → χc0 p) = c2
1 6.1 × 103 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → D̄0Λ+
c ) = c2

2 1.7 × 106 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → D̄∗0Λ+
c ) = c2

2 5.6 × 105 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → D̄0Σ+
c ) = c2

2 5.4 × 104 GeV7,

Γ (|D̄∗Σc; 1/2−〉 → D̄−Σ++
c ) = c2

2 1.1 × 105 GeV7.

(89)

Combining the results of Sects. 4.5 and 4.6, we obtain:

Γ (|D̄∗Σc; 3/2−〉 → ηc p) = e2
1 730 GeV7,

Γ (|D̄∗Σc; 3/2−〉 → J/ψp) = e2
1 1.4 × 105 GeV7,

Γ (|D̄∗Σc; 3/2−〉 → χc1 p) = e2
1 46 GeV7,

Γ (|D̄∗Σc; 3/2−〉 → D̄∗0Λ+
c ) = e2

2 4.9 × 104 GeV7,

Γ (|D̄∗Σc; 3/2−〉 → D̄0Σ+
c ) = e2

2 1.9 GeV7,

Γ (|D̄∗Σc; 3/2−〉 → D̄−Σ++
c ) = e2

2 3.8 GeV7. (90)

Comparing the above values with those given in Eqs. (58),
(76), and (85), we find that the decay widths of the three
D̄(∗)Σc molecular states with I = 1/2 into the ηc p, J/ψp,
χc0 p, χc1 p, D̄0Λ+

c , and D̄∗0Λ+
c final states also with I =

1/2 are increased by three times, and their decay widths into
the D̄0Σ+

c and D̄−Σ++
c final states are decreased by three

times. We shall further discuss these results in Sect. 6.
For completeness, we also list here the results for the three

D̄(∗)Σc molecular states with I = 3/2 (as if they existed),
which can be obtained by using Eqs. (21), (22), and (23) with
θi = 35o:
∣∣∣∣D̄(∗)Σc; 1

2

−′
/

3

2

−′〉

=
√

2

3
|D̄(∗)0Σ+

c 〉J= 1
2 / 3

2
+

√
1

3
|D̄(∗)−Σ++

c 〉J= 1
2 / 3

2
.

(91)

Naively assuming their masses to be 4311.9 MeV, 4440.3 MeV,
and 4457.3 MeV, respectively, we obtain the following non-
zero (relative) decay widths:

Γ (|D̄∗Σc; 1/2−′〉 → D̄0Σ+
c ) = c2

2 4.3 × 105 GeV7,

Γ (|D̄∗Σc; 1/2−′〉 → D̄−Σ++
c ) = c2

2 2.2 × 105 GeV7,

Γ (|D̄∗Σc; 3/2−′〉 → D̄0Σ+
c ) = e2

2 15 GeV7,

Γ (|D̄∗Σc; 3/2−′〉 → D̄−Σ++
c ) = e2

2 7.6 GeV7. (92)

Comparing them with Eqs. (58), (76), and (85), we find that
the three D̄(∗)Σc molecular states with I = 3/2 can not
fall-apart decay into the ηc p, J/ψp, χc0 p, χc1 p, D̄0Λ+

c ,
and D̄∗0Λ+

c final states with I = 1/2, their widths into the
D̄0Σ+

c final state are increased by a factor of 8/3, and their
widths into the D̄−Σ++

c final state are reduced to two third.
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We summarize these results in Appendix C, which we shall
not discuss any more.

6 Summary and conclusions

In this paper we systematically study hidden-charm pen-
taquark currents with the quark content c̄cuud. We inves-
tigate three different configurations, η = [c̄u][udc], ξ =
[c̄d][uuc], and θ = [c̄c][uud]. Some of their relations are
derived using the Fierz rearrangement of the Dirac and color
indices, and the obtained results are used to study strong
decay properties of D̄(∗)Σc molecular states with I = 1/2
and J P = 1/2− and 3/2−.

Before drawing conclusions, we would like to gener-
ally discuss about the uncertainty. In the present study we
work under the naive factorization scheme, so our uncer-
tainty is larger than the well-developed QCD factorization
scheme [100–102], that is at the 5% level when being applied
to conventional (heavy) hadrons [103]. On the other hand,
the pentaquark decay constants, such as fPc , are removed
when calculating relative branching ratios. This significantly
reduces our uncertainty. Accordingly, we roughly estimate
our uncertainty to be at the X+100%

− 50% level.
In the molecular picture the Pc(4312) is usually inter-

preted as the D̄Σc hadronic molecular state of J P = 1/2−,
and the Pc(4440) and Pc(4457) are sometimes interpreted as
the D̄∗Σc hadronic molecular states of J P = 1/2− and 3/2−
respectively (sometimes interpreted as states of J P = 3/2−
and 1/2− respectively) [19–21]. Using their masses mea-
sured in the LHCb experiment [4] as inputs, we calculate
some of their relative decay widths. The obtained results have
been summarized in Eqs. (88), (89), and (90), from which we
further obtain:

– We obtain the following relative branching ratios for the
|D̄Σc; 1/2−〉 decays:

B (|D̄Σc; 1/2−〉 → J/ψp : ηc p : D̄∗0Λ+
c

)

B (|D̄Σc; 1/2−〉 → J/ψp
)

≈ 1 : 3.8 : 0.69t. (93)

– We obtain the following relative branching ratios for the
|D̄∗Σc; 1/2−〉 decays:

B (|D̄∗Σc; 1/2−〉 → J/ψp : ηc p : χc0 p : D̄0Λ+
c : D̄∗0Λ+

c : D̄0Σ+
c : D̄−Σ++

c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
)

≈ 1 : 0.13 : 0.004 : 1.2t : 0.41t : 0.04t : 0.08t. (94)

• We obtain the following relative branching ratios for the
|D̄∗Σc; 3/2−〉 decays:

B (|D̄∗Σc; 3/2−〉 → J/ψp : ηc p : χc1 p : D̄∗0Λ+
c : D̄0Σ+

c : D̄−Σ++
c

)

B (|D̄∗Σc; 3/2−〉 → J/ψp
)

≈ 1 : 0.005 : 10−4 : 0.35t : 10−5t : 10−5t. (95)

In these expressions, t ≡ a2
2

a2
1

≈ c2
2
c2

1
≈ e2

2
e2

1
is the parame-

ter measuring which processes happen more easily, the pro-
cesses depicted in Figs. 2 and 3a or the processes depicted
in Figs. 2 and 3b, c. Generally speaking, the exchange of
one light quark with another light quark seems to be eas-
ier than the exchange of one light quark with another heavy
quark [104], so it can be the case that t ≥ 1. There are
two phase angles, which have not been taken into account
in the above expressions yet. We investigate their relevant
uncertainties in Appendix C, where we also give the relative
branching ratios for the D̄(∗)Σc hadronic molecular states of
I = 3/2, and separately for the D̄(∗)0Σ+

c and D̄(∗)−Σ++
c

hadronic molecular states.
To extract these results:

– We have only considered the leading-order fall-apart
decays described by color-singlet-color-singlet meson-
baryon currents, but neglected the O(αs) corrections
described by color-octet-color-octet meson-baryon cur-
rents, so there can be other possible decay channels.

– We have omitted all the charmed baryon fields of J =
3/2, so we can not study decays of Pc states into the
D̄Σ∗

c final state. However, we have kept all the charmed
baryon fields that can couple to the J P = 1/2+ ground-
state charmed baryons Λc and Σc, i.e., fields given in
Eqs. (15), so decays of Pc states into the D̄(∗)Λc and D̄Σc

final states have been well investigated in the present
study.

– We have omitted all the light baryon fields of J = 3/2,
so we can not study decays of Pc states into charmonia
and Δ/N∗. However, we have kept all the light baryon
fields of J P = 1/2+, i.e., terms depending on N1 and
N2, so decays of Pc states into charmonia and protons
have been well investigated in the present study.
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Our conclusions are:

– Firstly, we compare the ηc p and J/ψp channels:

B (|D̄Σc; 1/2−〉 → ηc p
)

B (|D̄Σc; 1/2−〉 → J/ψp
) ≈ 3.8,

B (|D̄∗Σc; 1/2−〉 → ηc p
)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ≈ 0.13,

B (|D̄∗Σc; 3/2−〉 → ηc p
)

B (|D̄∗Σc; 3/2−〉 → J/ψp
) ≈ 0.005. (96)

These ratios are quite similar to those obtained using the
heavy quark spin symmetry [49]. This is quite reasonable
because no spin symmetry breaking is introduced during
the calculation before using the decay constants for the
mesons, so that the heavy quark spin symmetry is auto-
matically built in our formalism. Since the width of the
|D̄Σc; 1/2−〉 decay into the ηc p final state is comparable
to its decay width into J/ψp, we propose to confirm the
existence of the Pc(4312) in the ηc p channel.

– Secondly, we compare the D̄(∗)Λc and J/ψp channels:

B (|D̄∗Σc; 1/2−〉 → D̄0Λ+
c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ≈ 1.2t, (97)

and

B (|D̄Σc; 1/2−〉 → D̄∗0Λ+
c

)

B (|D̄Σc; 1/2−〉 → J/ψp
) ≈ 0.69t,

B (|D̄∗Σc; 1/2−〉 → D̄∗0Λ+
c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ≈ 0.41t,

B (|D̄∗Σc; 3/2−〉 → D̄∗0Λ+
c

)

B (|D̄∗Σc; 3/2−〉 → J/ψp
) ≈ 0.35t. (98)

Accordingly, we propose to observe the Pc(4312),
Pc(4440), and Pc(4457) in the D̄∗0Λ+

c channel. More-
over, the D̄0Λ+

c channel can be an ideal channel to extract
the spin-parity quantum numbers of the Pc(4440) and
Pc(4457).

– Thirdly, we compare the D̄Σc and J/ψp channels:

B (|D̄∗Σc; 1/2−〉 → D̄0Σ+
c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ≈ 0.04t,

B (|D̄∗Σc; 1/2−〉 → D̄−Σ++
c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ≈ 0.08t, (99)

and

B (|D̄∗Σc; 3/2−〉 → D̄0Σ+
c

)

B (|D̄∗Σc; 3/2−〉 → J/ψp
) ≈ 10−5t,

B (|D̄∗Σc; 3/2−〉 → D̄−Σ++
c

)

B (|D̄∗Σc; 3/2−〉 → J/ψp
) ≈ 10−5t. (100)

Accordingly, we propose to observe the Pc(4440) and
Pc(4457) in the D̄−Σ++

c channel, which is another possi-
ble channel to extract their spin-parity quantum numbers.
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Appendix A: Parameters and decay formulae

We list masses of Pc states used in the present study, taken
from the LHCb experiment [4]:

Pc(4312)+ : m = 4311.9 MeV,

Pc(4440)+ : m = 4440.3 MeV,

Pc(4457)+ : m = 4457.3 MeV. (A.1)

We list masses of charmonium mesons and charmed mesons
used in the present study, taken from PDG [2] and partly
averaged over isospin:

ηc(1S) : m = 2983.9 MeV,

J/ψ(1S) : m = 3096.900 MeV,

χc0(1P) : m = 3414.71 MeV,

χc1(1P) : m = 3510.67 MeV,

D/D̄ : m = 1867.24 MeV,

D∗/D̄∗ : m = 2008.55 MeV. (A.2)

We list masses of the proton and charmed baryons used in
the present study, taken from PDG [2] and partly averaged
over isospin:

proton : m = 938.272 MeV,

Λ+
c : m = 2286.46 MeV,
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Σc : m = 2453.44 MeV. (A.3)

In this paper we only investigate two-body decays, and
their widths can be easily calculated. In the calculations we
use the following formula for baryon fields of spin 1/2 and
3/2:

∑
spin

u(p)ū(p) = (p/ + m) , (A.4)

∑
spin

uμ(p)ūμ′(p) =
(
gμμ′ − 1

3
γμγμ′ − pμγμ′ − pμ′γμ

3m

−2pμ pμ′

3m2

)
(p/ + m) . (A.5)

Appendix B: Heavy and light baryon fields

First we construct charmed baryon interpolating fields. We
refer to Ref. [86] for detailed discussions. There are alto-
gether nine independent charmed baryon fields:

BG
3̄,1

= εabcε
ABG(qaTA CqbB)γ5c

c, (B.6)

BG
3̄,2

= εabcε
ABG(qaTA Cγ5q

b
B)cc, (B.7)

BG
3̄,3

= εabcε
ABG(qaTA Cγμγ5q

b
B)γ μcc, (B.8)

BG
3̄,μ

= P3/2
μν εabcε

ABG(qaTA Cγ νγ5q
b
B)γ5c

c, (B.9)

BU
6,4 = εabcS

U
AB(qaTA Cγμq

b
B)γ μγ5c

c, (B.10)

BU
6,5 = εabcS

U
AB(qaTA Cσμνq

b
B)σμνγ5c

c, (B.11)

BU
6,μ = P3/2

μν εabcS
U
AB(qaTA Cγ νqbB)cc, (B.12)

B ′U
6,μ = P3/2

μν (BU,ν
6,7 + BU,ν

6,8ν), (B.13)

BU
6,μν = P3/2

μναβ(BU,αβ

6,7 + BU,αβ

6,8 ), (B.14)

where

BU
6,7μ = εabcS

U
AB(qaTA Cσμνq

b
B)γ νcc, (B.15)

BU
6,8μ = εabcS

U
AB(qaTA Cσμνγ5q

b
B)γ νγ5c

c, (B.16)

BU
6,7μν = εabcS

U
AB(qaTA Cσμνq

b
B)γ5c

c, (B.17)

BU
6,8μν = εabcS

U
AB(qaTA Cσμνγ5q

b
B)cc. (B.18)

In the above expressions, a, b, c are color indices and the sum
over repeated indices is taken; A, B,G,U are SU (3) flavor
indices, so that qA = {u, d, s}; εABG is the totally antisym-
metric matrix with G = 1, 2, 3, so that BG

3̄,i
belong to the

SU (3) flavor 3̄F representation; SUAB are the totally symmet-
ric matrices with U = 1 · · · 6, so that BU

6,i belong to the
SU (3) flavor 6F representation; cc is the charm quark field
with the color index c; C is the charge-conjugation matrix;
P3/2

μν and P3/2
μναβ are two J = 3/2 projection operators.

Among the nine fields given in Eqs. (B.6–B.14), BG
3̄,1

,

BG
3̄,2

, BG
3̄,3

, BU
6,4, and BU

6,5 have pure spin J = 1/2, and BG
3̄,μ

,

BU
6,μ, B ′U

6,μ, and BU
6,μν have pure spin J = 3/2. In the present

study we only take into account the J P = 1/2+ “ground-
state” charmed baryon fields, BG

3̄,2
and BU

6,4; while we omit

other charmed baryon fields, BG
3̄,1

, BG
3̄,3

, BG
3̄,μ

, BU
6,5, BU

6,μ,

B ′U
6,μ, and BU

6,μν , all of which do not couple to the J P =
1/2+ ground-state charmed baryons Λc and Σc within the
framework of heavy quark effective theory [87].

Then we give the relations among light baryon fields.
We refer to Refs. [66–68,88–92] for detailed discussions.
According to the results of Ref. [88], we can use u, u, and d
(q = u/d) quarks to construct five independent baryon fields:

N1 = εabc(uTa Cdb)γ5uc, (B.19)

N2 = εabc(uTa Cγ5db)uc, (B.20)

N ′μ
3 = εabc(uTa Cγ μγ5db)γ5uc, (B.21)

N ′μ
4 = εabc(uTa Cγ μdb)uc, (B.22)

N ′μν
5 = εabc(uTa Cσμνdb)γ5uc. (B.23)

Among these fields, the former two N1,2 have pure spin
J = 1/2, but the latter three N ′μ(ν)

3,4,5 do not have pure spin
J = 3/2. We need to further use the projection operators
Pμα

3/2 and Pμναβ
3/2 to obtain Nμ(ν)

3,4,5, already given in Eq. (31),

which have pure spin J = 3/2. The relations between Nμ(ν)
3,4,5

and N ′μ(ν)
3,4,5 are

Nμ
3 = Pμα

3/2 × N ′
3α

= N ′μ
3 + 1

4
γ μγ5(N1 − N2), (B.24)

Nμ
4 = Pμα

3/2 × N ′
4α

= N ′μ
4 + 1

4
γ μγ5(N1 − N2), (B.25)

Nμν
5 = Pμναβ

3/2 × N ′
5αβ

= N ′μν
5 + i

2
γ νγ5(N

′μ
3 + N ′μ

4 )

− i

2
γ μγ5(N

′ν
3 + N ′ν

4 ) + 1

3
σμν(2N1 − N2). (B.26)

All the other baryon fields can be transformed to N (′μν)
1,2,3,4,5

(and so to N (μν)
1,2,3,4,5) through:

εabc(uTa Cγ μdb)γμγ5uc = N1 − N2 ,

εabc(uTa Cγ μγ5db)γμuc = N1 − N2 ,

εabc(uTa Cσμνdb)σμνγ5uc = −2N1 − 2N2 ,

εabc(uTa Cγνdb)σ
μνuc

= −i N ′μ
4 − iγ μγ5(N1 − N2) ,

εabc(uTa Cγνγ5db)σ
μνγ5uc

= −i N ′μ
3 − iγ μγ5(N1 − N2) ,

εabc(uTa Cσμνdb)γνuc

= i N ′μ
3 + i N ′μ

4 + iγ μγ5N1 ,

123
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εabc(uTa Cσμνγ5db)γνγ5uc

= −i N ′μ
3 − i N ′μ

4 + iγ μγ5N2 ,

εabc(uTa Cσμνγ5db)uc

= N ′μν
5 + iγ νγ5(N

′μ
3 + N ′μ

4 )

−iγ μγ5(N
′ν
3 + N ′ν

4 ) + σμν(N1 − N2),

εabcεμνρσ (uTa Cσραdb)σσαuc

= −2N ′μν
5 − iγ νγ5(N

′μ
3 + N ′μ

4 )

+iγ μγ5(N
′ν
3 + N ′ν

4 ) − 2σμνN1,

εabcεμνρσ (uTa Cγρdb)γσuc

= −iγ νγ5N
′μ
4 + iγ μγ5N

′ν
4 − σμν(N1 − N2),

εabcεμνρσ (uTa Cγργ5db)γσ γ5uc

= −iγ νγ5N
′μ
3 + iγ μγ5N

′ν
3 − σμν(N1 − N2), (B.27)

and

εabc(uTa Cub)γ5dc = 0,

εabc(uTa Cγ5ub)dc = 0,

εabc(uTa Cγ μub)γμγ5dc = −2N1 + 2N2,

εabc(uTa Cγ μγ5ub)γμdc = 0 ,

εabc(uTa Cσμνub)σμνγ5dc = 4N1 + 4N2,

εabc(uTa Cγ μub)dc

= N ′μ
3 + N ′μ

4 + γ μγ5(N1 − N2),

εabc(uTa Cγ μγ5ub)γ5dc = 0,

εabc(uTa Cγνub)σ
μνdc

= −i N ′μ
3 − i N ′μ

4 + iγ μγ5(N1 − N2),

εabc(uTa Cγνγ5ub)σ
μνγ5dc = 0,

εabc(uTa Cσμνub)γνdc

= −i N ′μ
3 + i N ′μ

4 − iγ μγ5(N1 + N2),

εabc(uTa Cσμνγ5ub)γνγ5dc

= i N ′μ
3 − i N ′μ

4 − iγ μγ5(N1 + N2),

εabc(uTa Cσμνub)γ5dc

= N ′μν
5 + iγ νγ5N

′μ
3 − iγ μγ5N

′ν
3 + σμνN1,

εabc(uTa Cσμνγ5ub)dc

= N ′μν
5 + iγ νγ5N

′μ
4 − iγ μγ5N

′ν
4 + σμνN1,

εabcεμνρσ (uTa Cσραub)σσαdc

= −2N ′μν
5 − iγ νγ5(N

′μ
3 + N ′μ

4 )

+iγ μγ5(N
′ν
3 + N ′ν

4 ) + 2σμνN2,

εabcεμνρσ (uTa Cγρub)γσdc

= −iγ νγ5(N
′μ
3 + N ′μ

4 ) + iγ μγ5(N
′ν
3 + N ′ν

4 ),

εabcεμνρσ (uTa Cγργ5ub)γσ γ5dc = 0. (B.28)

Appendix C: Uncertainties due to phase angles

There are two different effective Lagrangians for the
|D̄0Σ+

c ; 1/2−〉 (and |D̄−Σ++
c ; 1/2−〉) decay into the ηc p

final state, as given in Eqs. (52) and (53):

Lηc p = gηc p P̄cN ηc, (C.29)

L′
ηc p = g′

ηc p P̄cγμN ∂μηc. (C.30)

There are also two different effective Lagrangians for the
|D̄∗0Σ+

c ; 1/2−〉 (and |D̄∗−Σ++
c ; 1/2−〉) decay into the

J/ψp final state, as given in Eqs. (63) and (64):

Lψp = gψp P̄cγμγ5N ψμ, (C.31)

L′
ψp = g′

ψp P̄cσμνγ5N ∂μψν. (C.32)

There can be a phase angle θ between gηc p and g′
ηc p and

another phase angle θ ′ between gψp and g′
ψp, both of which

can not be determined in the present study. In this appendix
we rotate θ/θ ′ and redo all the calculations.

– We obtain the following relative branching ratios for the
D̄(∗)Σc hadronic molecular states of I = 1/2:

B (|D̄Σc; 1/2−〉 → J/ψp : ηc p : D̄∗0Λ+
c

)

B (|D̄Σc; 1/2−〉 → J/ψp
)

≈ 1 : 0.5 ∼ 3.8 : 0.69t, (C.33)

B (|D̄∗Σc; 1/2−〉 → J/ψp : ηc p : χc0 p : D̄0Λ+
c : D̄∗0Λ+

c : D̄0Σ+
c : D̄−Σ++

c

)

B (|D̄∗Σc; 1/2−〉 → J/ψp
) ∣∣

θ ′=0

≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.04t : 0.08t , (C.34)

B (|D̄∗Σc; 3/2−〉 → J/ψp : ηc p : χc1 p : D̄∗0Λ+
c : D̄0Σ+

c : D̄−Σ++
c

)

B (|D̄∗Σc; 3/2−〉 → J/ψp
)

≈ 1 : 0.005 : 10−4 : 0.35t : 10−5t : 10−5t . (C.35)
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• We obtain the following relative branching ratios for the
D̄(∗)Σc hadronic molecular states of I = 3/2:

B (|D̄∗Σc; 1/2−′〉 → D̄−Σ++
c

)

B (|D̄∗Σc; 1/2−′〉 → D̄0Σ+
c

) ≈ 0.5 , (C.36)

B (|D̄∗Σc; 3/2−′〉 → D̄−Σ++
c

)

B (|D̄∗Σc; 3/2−′〉 → D̄0Σ+
c

) ≈ 0.5. (C.37)

• We obtain the following relative branching ratios for the
D̄(∗)0Σ+

c hadronic molecular states:

B (|D̄0Σ+
c ; 1/2−〉 → J/ψp : ηc p : D̄∗0Λ+

c

)

B (|D̄0Σ+
c ; 1/2−〉 → J/ψp

)
≈ 1 : 0.5 ∼ 3.8 : 0.69t, (C.38)

B (|D̄∗0Σ+
c ; 1/2−〉 → J/ψp : ηc p : χc0 p : D̄0Λ+

c : D̄∗0Λ+
c : D̄0Σ+

c : D̄−Σ++
c

)

B (|D̄∗0Σ+
c ; 1/2−〉 → J/ψp

) ∣∣
θ ′=0

≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.35t : 0.70t, (C.39)

B (|D̄∗0Σ+
c ; 3/2−〉 → J/ψp : ηc p : χc1 p : D̄∗0Λ+

c : D̄0Σ+
c : D̄−Σ++

c

)

B (|D̄∗0Σ+
c ; 3/2−〉 → J/ψp

)

≈ 1 : 0.005 : 10−4 : 0.35t : 10−4t : 10−4t. (C.40)

• We obtain the following relative branching ratios for the
D̄(∗)−Σ++

c hadronic molecular states:

B (|D̄−Σ++
c ; 1/2−〉 → J/ψp : ηc p : D̄∗0Λ+

c

)

B (|D̄−Σ++
c ; 1/2−〉 → J/ψp

)
≈ 1 : 0.5 ∼ 3.8 : 0.69t, (C.41)

B (|D̄∗−Σ++
c ; 1/2−〉 → J/ψp : ηc p : χc0 p : D̄0Λ+

c : D̄∗0Λ+
c : D̄0Σ+

c : D̄−Σ++
c

)

B (|D̄∗−Σ++
c ; 1/2−〉 → J/ψp

) ∣∣
θ ′=0

≈ 1 ∼ 1.8 : 0.1 ∼ 1.1 : 0.004 : 1.2t : 0.41t : 0.35t : 0, (C.42)

B (|D̄∗−Σ++
c ; 3/2−〉 → J/ψp : ηc p : χc1 p : D̄∗0Λ+

c : D̄0Σ+
c : D̄−Σ++

c

)

B (|D̄∗−Σ++
c ; 3/2−〉 → J/ψp

)

≈ 1 : 0.005 : 10−4 : 0.35t : 10−4t : 0. (C.43)
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