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Abstract We  systematically study  hidden-charm
pentaquark currents with the quark configurations [cu][udc],
[cd][uuc], and [cc][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 P, states as D™ X, hadronic molecules. We calcu-
late their relative branching ratios for the J /¥ p, n.p, xcop,
xe1p» D®0AT, DOXF and D~ XF* decay channels. We
propose to search for the P.(4312) in the 5. p channel and
the P.(4440)/P.(4457) in the D A} 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/¢¥p invariant mass
spectrum of the A, — J/¥pK decays [3,4]:

P.(4312)7 : M =4311.9£0.775% MeV,
r=98+27"71 Mev,

P.(4440)" : M = 44403 + 1.373) MeV,
Ir=206+49"% MeV,

P.(4457)" : M = 4457.3 £ 0.671] MeV,
I'=64+2.0"7] MeV. (1)

These structures contain at least five quarks, ccuud, 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 P.(4312), P.(4440), and P.(4457) are just below the
DX, and D* X, thresholds, so it is quite natural to interpret
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them as D™ Y. 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 P.(4380) and P,(4450). Later in 2019 another
LHCb experiment [4] observed a new structure P.(4312)
and further separated the P.(4450) into two substructures
P.(4440) and P, (4457).

To explain these P, 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 /¥ p invariant mass spectrum by LHCb [3,41], 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
P. states as D™ X, hadronic molecules, which method has
been used in Ref. [57] to study strong decay properties of the
Z+(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 P, states in Refs. [49,56,58—
62].

In this paper we shall use the ¢, ¢, u, u, and d (¢ =
u/d) quarks to construct hidden-charm pentaquark currents
with the three configurations: [cu][udc], [cd][uuc], and
[cc]l[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 P. states as
D™ ¥ molecular states.
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Our strategy is quite straightforward. First we need a
hidden-charm pentaquark current, such as

n1(x, y) = [8%0,(x)ysup(x))
x[€““ul (MCyuda(y)y" ysce], 2)

where a - - - e are color indices. It is the current best coupling
to the DO X C+ molecular state of J¥ = 1 /27, through

(Oln1 (e, NIDY B3 1/27(9)) = fru(q), 3)
where u(q) is the Dirac spinor of the P, state.
After the Fierz rearrangement of the Dirac and color

indices, we can transform it to be

1
mx,y) > —— [ca(x)ysca T N

12
1 - U / " /
+t51 [Ca () Vuca XDy ysNO) +---, 4)
where
N = el Cdp)yysuc — €l Cysdp)ue, Q)

is the loffe’s light baryon field well coupling to the pro-
ton [66-68]. Hence, n;1(x’, y') couples to the n.p and J /vy p
channels simultaneously:

Olm ", Y)nep) = (Olcayscalne) (OIN|p) + -+,

1

12
1

Olm ', Y)lyp) = ﬁ<0|5amcallﬁ) yHys(0|N|p) + - (6)

The above two equations can be easily used to calculate the
relative branching ratio of the P, decay into 7. p to its decay
into J /¢ p [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 ccuud. We consider three different config-
urations, [cu][udc], [cd][uuc], and [cc][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 D)9 £+ and D™~ ¥+ molec-
ular states, which are combined in Sect. 5 to further study
strong decay properties of D™ X. molecular states with
I = 1/2. The results are summarized in Sect. 6.

2 Hidden-charm pentaquark currents

We can use ¢, ¢, u, u, and d (¢ = 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:

10 y) = e up(0] [l GICTY da()] ey,

@ Springer

£ y) = (2 I dp ()] [ ] MICTFua] o).

6(x,y) = e {1 [l MCTYga] T{g.0) ]
™

where Fl"/z%e 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
JPC = 17+ 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 P.(4312), P.(4440), and P.(4457). We shall
separately investigate their color and Lorentz structures in
the following subsections.

2.1 Color structure

Taking n(x,y) as an example, there are two possibili-
ties to compose a color-singlet field: [culy [udc]i, and
[culg, [udclg,. We can use the color-singlet-color-singlet
meson-baryon term

(8¢ uplleucdyce), ®)

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

A Equp€Y 1] ucdqc,,
A Eaup€?® 1] ucdgc,,

- ., fd
D! Catp e 2t uedyee ). ©
Only two of them are independent due to
el 1 el )l 1 el i] =0, (10)
which is consistent with the group theory that there are two
and only two octets in3, ® 3, ® 3, = 1. & 8. ® 8. & 10,.

Similar argument applies to £(x, y) and 6(x, y).
In Refs. [63,64] we use the color rearrangement

(Sabecde — sacebde + aadecbe + (Saeecdb’ (11)

together with the Fierz rearrangement to derive the relations
among all the three types of currents, e.g., we can transform
an 7 current into the combination of many & and 6 currents:

n—&+6. (12)



Eur. Phys. J. C (2020) 80:945

Page 30f 19 945

u d

S|
S

(a) [cu][udc] current n(z,y)

(b) [cd][uuc] current &(z,y)

&

(¢) [ec][uud] current 6(z,y)

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:

1 1 1
Sabecde — 3 8ae€bcd_§)tze€bcf)\r}:d+§ Azeebdf)\‘rj;c. (13)

Note that the other color-octet-color-octet meson-baryon
term kﬁee“df A ,{ b 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 u;, and c, quark fields, we can transform
an 7 current into the combination of many 6 currents (both
color-singlet-color-singlet and color-octet-color-octet ones).
Similar arguments can be applied to relate

n<§ §<0, 0o, (14)

whose explicit formulae will be given in Sect. 3.

2.2 n/&(x, y) and heavy baryon fields

In this subsection we construct the n(x, y) and &£(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¥ = 1/2%
ground-state charmed baryons A, and X, are

Jor = €"[u Cysdp]ce,

\/EJECH = e“bc[uZ(CyMub]y“yscc,

T+ = €l Cydply* ysce,
V2750 = €"[d] Cypudyly* ysce. (15)
Their couplings are defined as
(01JBIB) = fBus, (16)

where upg is the Dirac spinor of the charmed baryon B, and
the decay constants f5 have been calculated in Refs. [78-80]
to be

fa, = 0.015 GeV?,

fx. =0.036 GeV>. (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© = 3/2+

Ty = P € lug Cradplee,

(18)
which couples to the /' = 3/2% ground-state charmed
baryons X**, with P;% the J = 3/2 projection operator

a0
po yhy
Py =g = ——.

(19)

@ Springer
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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 16 JFC Mesons 16JFC Couplings Decay constants
IS =¢éc otot+ Xco(1P) 0tot+ O1151xc0) = My freo Fro = 343 MeV [73]
2
1P = Giysce 0to—+ e oto—+ O |ne) = Ay, Ape = f”z”;"f[
I;Y = Cyuc 0717~ J/y 0717~ <O|IIY|J/I//>=mj/¢f]/¢,€M f1p =418 MeV [74]
I = Gyysc o1+t e 0to—+ O ne) = ipy fn. fn = 387 MeV [74]
Xe1(1P) ot1tt O | xe1) = My, fro€n Fr = 335MeV [75]
1T, = coyc 0~ 1% J/¥ 0-1—~ OULII/Y) = if] )y (Puew — Prey) [y =410 MeV [74]
he(1P) 0 1t- O he) = ithCeuwﬂe"‘pﬂ fh7; =235 MeV [74]
05 =¢q ot Dy ot (01051D§) = mp fps fp; =410 MeV [76]
P _ = - > - PPy — _ Jfom}
0" =ciysq 0 D 0 (0|0"|D) = Ap ADp = mc"’de
0, =¢évuq 1- D* 1- (010 |D*) = mpx fp€, fp+ =253 MeV [77]
O} = Cyuysq 1+ D 0~ (010 ID) = ipu fp fp =211.9 MeV [2]
D 1+ (010 |D1) = mp, fp €4 fp, = 356 MeV [76]
of, =couq 1+ D* 1- 0105, 1D*) = iff.(ppev — pven) f5. ~ 220 MeV
- 1+ — —
_ 13 : ” _ ~k0 v+ . Nk— v ++
the “excited” charmed baryon field =c0803 |[D™X ) j=3/2 +sin03 [D*TXT) j=3)2,
(23)
I = €Yl Cdplyse,, (20)
B “ ¢ where 6; (i = 1,2,3) are isospin parameters (§; = —55°

which contains the excited diquark field €**“ul Cdj, of
JP =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-
pletothe J© = 1/27F ground-state charmed baryons A, and
Y. [87]. However, some of them, both “ground-state” and
“excited” fields, can couple to the J¥ = 3/2% ground-state
charmed baryon Y. Hence, we do/can not study decays of
P, states into the DX o final state in the present study.

Combing charmed meson operators and ground-state
charmed baryon fields, we can construct the n(x, y) and
&(x,y) currents. In the molecular picture the P.(4312),
P.(4440), and P.(4457) can be interpreted as the DX,
hadronic molecular state of J© = 1 /27, the D*ZJC one of
JP =1/27, and the D*X, one of J¥ =3/27 [19-21]:

|IDZ:;1/27;61)
=086y |D°E) 10 +sinf DT ZFT) 10,
(21
|D*2e; 1/275 62)
=cosby |D*ZF) =12 +sinb DT 20,
(22)

|D*X.;3/27; 63)

@ Springer

for I = 1/2 and 6; = 35° for I = 3/2). Their relevant

interpolating currents are:

T = cos6; n® +sing; £, (24)
where
m = [Caysttal ZF

= [8PCqysup) [€““ul Cyuday ™ yscel, (25)
M = [Cayotal y' ys ZF

= (8", ypup) y"ys [e““ul Cyuday™yseel, (26)
ng = Pf‘/ﬁ [cayvual E;—

= [6“Cayoup) Pshle“ul Cyuday*ysce), 27)
and
£ = [Caysdy] T

_ 1 ab = cde, T "

=5 [6“"caysdp] [€“““u. Cypuqy™yscel, (28)

£ = [Cayvda] y ys ZFT
1 _
=5 [8%PE,pudp] ¥"ys L€

Eéx = Pg/‘é [anvda] E:FJF

cde

ul Cyuay™yscel, (29)

1 _
=5 (6% Cayudp] Pl “ul Cyuuay*yscel.  (30)

In the above expressions we have written Jg as 3 for sim-

plicity.



Eur. Phys. J. C (2020) 80:945

Page 50f 19 945

2.3 O(x, y) and light baryon fields

In this subsection we construct the 6(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 (¢ = u/d) quarks to construct five independent baryon
fields:

Ni = €*(uj Cdy)ysue,

Ny = €™ (ug Cysdp)uc,

N§ = Py € (ul Cyaysdy)ysuc, (31)
Ny = P € (uf Cyadp)ue,

Néw = P;%aﬂ e“bc(uZCoaﬂdb)ysuc,

where the projection operator ng;aﬂ is
B B GV o up
wap _ 81987 Mg 8 8
Py = =S = v eyt
va vB 1
+gTV#yﬂ _ gTyﬂyot + gauuaaﬂ. (32)

All the other light baryon fields (including other
eabc[uZ(CFl dplIhu, fields as well as all the eahc[ug(CIEub]
I'yd, fields) can be transformed to N 1(“2]); 45 a8 shown in
Appendix B.

Among the five fields defined in Eqgs. (31), the former two
Ni2 have pure spin J = 1/2, and the latter three Néf iv;
have pure spin J = 3/2. In the present study we shall study
decays of P, states into charmonia and protons, but not study
their decays into charmonia and A /N*, since the couplings

of N§’ A(LV; to A/N* have not been (well) investigated in the lit-

erature. Therefore, we only keep N1 > but omit Néf iv; More-
over, we shall find that all the terms in our calculations do not
depend on N| + N>, so we only need to consider the Ioffe’s
light baryon field

N = N; — N». (33)

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

(O[N|p) = fpup, (34)
with the decay constant evaluated in Ref. [93] to be

fp =0.011 GeV?. (35)

3 Fierz rearrangement

In this section we study the Fierz rearrangement of the 1 (x, y)
and &(x, y) currents, which will be used to investigate fall-
apart decays of P, states in Sect. 4. Taking n(x, y) as an
example, when the ¢, (x) and c.(y) quarks meet each other
and the up(x), u-(y), and d;(y) quarks meet together at the
same time, a D™®? ECJ“ molecular state can decay into one
charmonium meson and one light baryon. This is the decay
process depicted in Fig. 2a:

(670 (0) ] [eeucndaeev)]
= 8¢, (x — xupx — ")
Qe“Cu(y = y)da(y = y)ce(y = x')

1
= ga“e”fd ® Ca (X Nup(y) ® uc(y)dy(y)ee(x") + - -

1
= 5 [5a25a (x/)Ce(x/)] ® I:Ebcduh(y/)uc(y/)dd(y/)] b
(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 u;(y’) and c.(x’) quark fields.

Still taking n(x, y) as an example: when the ¢, (x) and
u-(y) quarks meet each other and the up(x), ds(y), and
ce(y) quarks meet together at the same time, a l_)(*)OZ‘j‘
molecular state can decay into one charmed meson and one
charmed baryon, as depicted in Fig. 2b; when the ¢, (x) and
dg(y) quarks meet each other and the u, (x), u.(y), and c.(y)
quarks meet together at the same time, a D®0 % F molecu-
lar state can also decay into one charmed meson and one
charmed baryon, as depicted in Fig. 2¢. Similarly, decays of
D™~ X+ molecular states can be investigated through the
&(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 n, &,
and 6 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 7 current with the quark fields
n = [c(xHu(y)] [u(y")d(y")c(x’)] into the combination of
many non-local 6 currents with the quark fields at same loca-
tions 8 = [¢(x)c(x")] [u(y")u(y")d(y")]. Hence, this rear-
rangement exactly describes the third step of Eq. (36).

@ Springer
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@ n—90

(b) n—n

(© n—¢

Fig. 2 Fall-apart decays of P, states as D(*)OZ‘;L molecular states, investigated through the n(x, y) currents. There are three possibilities:an — 6,
b n — n, and ¢ n — &. Their probabilities are the same (33%), if only considering the color degree of freedom

(@ ¢—90

(b) ¢ —n

(©) ¢—n

Fig. 3 Fall-apart decays of P, states as D(*)*EL?L T molecular states, investigated through the &(x, y) currents. There are three possibilities: a
& — 60,b& — n, and c again £ — 1. Their probabilities are the same (33%), if only considering the color degree of freedom

31 p—>60and & — 0

Using Eq. (13), together with the Fierz rearrangement to
interchange the uj; and c, quark fields, we can transform
an 1(x, y) current into the combination of many 6 currents:

1 1
m- [Cacal ysN — T [Cayscal N

1 1
+ ﬁ [CaVu.VSCa] VNN + ﬂ [Cayu,ca] )’MVSN

+ o (37)

1 _ 1 _
m= e [cacal ysN + 3 [Cayscal N

+ — |C C, — — |C C,
12 a¥YuVs5Cal Y 12 a¥YuCal V'V5

1 v
T [caopvcal 07" ysN + -+, (38)
_ 1 i
ns = [CaYnyscal (1—65""“7/5 + Eaa“ys) N

@ Springer

_ 1 i
+ [Cavucal <_ng — &a““> 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 Néf g”; Hence, we have only kept, but kept all, the color-
singlet-color-singlet meson-baryon terms depending on the
J = 1/2fields Nj and N,. Thisis not an easy task because we
need to use many identities given in Egs. (B.27) and (B.28)
of Appendix B in order to safely omit Ngf ‘(‘U; Moreover, we
can find in the above expressions that all terms contain the
Toffe’s light baryon field N = N; — N, and there are no
terms depending on N1 + N».

The above transformations can be used to describe the fall-
apart decay process depicted in Fig. 2a for D)9 £+ molec-
ular states. Similarly, we can investigate the fall-apart decay
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process depicted in Fig. 3a for D(*)_Z‘j * molecular states.
To do this, we need to use Eq. (13), together with the Fierz
rearrangement to interchange the dj, and ¢, quark fields, to
transform a &(x, y) current into the combination of many 6
currents:

1 _ 1 _
\/Eé:l - _6 [Cacal 5N + 8 [Cayscal N

! [c 1y*N ! [c 1y"ysN
2 Ca¥YpVsCaly 12 CaVYuCal V"V5
T (40)

1 1 _
V2& — =3 [Cacal ysN = 3 [Cayscal N

1 _ u 1 _ M
— — [Cayuyscal y© N + 6 [cavucal ¥©ysN

6
1 _ e
+ 8 [Caauvca] o™ ysN + -+, 41
_ 1 i
V2§ — [Cayuysca <—§g"‘“ys - ﬂa““)/s) N
_ 1 i
+ [CaVucal (gg““ + ﬁaa") N+---. (42)

32 np—>nandn — &
First we derive a color rearrangement similar to Eq. (13):

l Sacebde
3

5ahecde —

1. | .
— 5 )\.Zéfbdf)\‘,{e + E )\.Zéfhef)\.,{d.
(43)

Using this identity, together with the Fierz rearrangement to
interchange the uj and u. quark fields, we can transform an
n(x, y) current into the combination of many 7 currents.

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

. 1 . 1 s f 1 of o f
Sabecde - SadELbe 5 )»Zdébcf)»',{e 5 )»Zdébcf)»',{c.
(44)

Using this identity, together with the Fierz rearrangement to
interchange the uj; and d; quark fields, we can transform an
n(x, y) current into the combination of many & currents.

The above two transformations describe the fall-apart
decay processes depicted in Fig. 2b, ¢ for D*)0 >+ molecular
states. Altogether, we obtain:

1
m = 15 [Cayuital yrysAf
1 V2 o
- E [Caysita] Ej_ - E [Caysda] 2j+

1 _ 1
- ﬁ [Caalwua] EMVPJVJVS (_Zypy52j>

V2 1
Yy [Ca01vda)e" ™ v vs (—Zypy52j+> 4.,
45)

1 _ 1 _
mn — g [Caysttal A:_ - E [Caopvlial UIWVSAj_

1 _ 1
- g[cayuua] (_ZVMVSEJ>

i 1
- g[cay,uVSMa] a"ys (—ZVVV52J>

N/ 1
- ?[Cayuda] (_ZVMVSEL—-F—F)

iv2 1
- T[CaVMVSda] a*’ys <—ZVUV5E:+) 4+,
(46)

i i 1
77(31 N (_ﬁgaﬂyv + Egozuy//, _ Eeozﬂ;wyﬁys)

x [cq Ouv g Aj_

1, 1 1
[ o 7 VA L ¢ 2 L /) I 72V
+< 128 Vs 128 y©ys + 248 14 Vs)

—_ 1 +
X [Caypttal _ZVUVSEC

+ <ig““7/“ - ig‘”)/“ -

L afuy
24 24 € Vﬂys)

24

_ 1 .
X [Cayuysual _ZVVVSEC

I 1 1
S YA _ av,,u v o
><< 128 Vs 128 14 J/5+—24g 14 Vs)

i ]
X N2 [Cayudal (—ZJ/WsECH)

1 1
+ <_got/1,yv _ _gotvyu _

L afuy
24 24 € V’m)

24

B 1
X N2[aVuysdal (—stzc**) 4+ 47)

In the above transformations we have only kept, but kept all,
the color-singlet-color-singlet meson-baryon terms depend-
ingonthe J© = 1/27% “ground-state” charmed baryon fields
given in Egs. (15). Again, this is not an easy task because
we need to carefully omit the terms depending on the other

G G G U U "
charmed baryon fields, Bé,l’ B3’3, Bi.u’ B6’5, B6’M, B6,u’
and BY

60" whose definitions can be found in Appendix B.

33 & -1

Following the procedures used in the previous subsection,
we can transform a &€(x, y) current into the combination of
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many 7 currents (without & currents):

| . 1 _
NGI = < [Cavuttal Y ys AT = 2 [Cavsital ZF

1 1
-0 [CaOpvttal €77 yoys <_ZVpVSEC+>
T (48)

2 1 _
V25 — =3 [Caysual AT + ¢ [eaopttal 0™ ys AL
1 _ 1
- 5 [Cayp,ua] (_ZVHV5EC+>

. 1
= 3 Leavuysital ays <_ZVUVSE:_) +oee
49)

248 24 24

X [Eaquua] Aj_

. . 1
ﬁéé’ N ( l omyv _ l_g(xvyu + —Gaﬂlw)/ﬁ)/S)

1 1 1
+ <—gg‘“‘1/”ys - gg“”y“ys + Eg’”)/“;/s)

—_ 1 +
X [Caypttal _ZVVVSEC

1 o,V 1 v 1 i afuv
+<128 Vor s v T s
. 1
X [CayVuysual (_ZV\)VSE:—> 4o (50)

The above transformations describe the fall-apart decay pro-
cesses depicted in Fig. 3b, ¢ for D)~ % F* molecular states.

4 Decay properties of D® ¥+ and D®~ X+
molecular states

In this section we use the Fierz rearrangements derived in
the previous section to extract some strong decay proper-
ties of D@0 X+ and D™~ X ++ molecular states. We shall
separately investigate:

— |DYZF;1/27), the DY+ molecular state of JP =
1/27, through the 1 (x, y) current and the Fierz rear-
rangements given in Eq_s. (37) and (45);

— |D=X}*;1/27), the D~ XF molecular state of J ¥ =
1/27, through the &;(x, y) current and the Fierz rear-
rangements given in Egs. (40) and (48);

— |D*5+:1/27), the D**XF molecular state of J© =
1/27, through the 2 (x, y) current and the Fierz rear-
rangements given in Egs. (38) and (46);

- |D*XF*;1/27), the D*~ Xt molecular state of
JP = 1727, through the & (x, y) current and the Fierz
rearrangements given in Eqgs. (41) and (49);

@ Springer

— |D*xF;3/27), the D** X} molecular state of J* =
3/27, through the 1% (x, y) current and the Fierz rear-
rangements given in Egs. (39) and (47);

— |D*=XF*;3/27), the D*~ X+t molecular state of
JP = 3/27, through the &3 (x, y) current and the Fierz
rearrangements given in Egs. (42) and (50).

The obtained results will be combined in Sect. 5 to fur-
ther study decay properties of D™ X. molecular states with
definite isospins.

41 n — 0/n/

In this subsection we study strong decay properties of
|IDYXF; 1/27) through the n;(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 |DOEC+; 1/27)
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 |L_)OZ'C+; 1/27) into n. p is contributed by
both [c,y5¢q] N and [Cayuysca] yHN:

(D°ZF51/27(@) | ne(q1) p(ga))
i _ ia =
Ty Ane Sp uup + Yy Joefp qy uyuup

Apep iy + AL, gl iy, (51)

where u and u, are the Dirac spinors of the P. state
with J¥ = 1/27 and the proton, respectively; a; is
an overall factor, related to the coupling of 71(x, y)
to |l_)OZ‘C+ ; 1/27) as well as the dynamical process of
Fig. 2a; the two coupling constants A, , and A;h p are
defined for the two different effective Lagrangians

En(,p = A"h:p ﬁcN Ne, (52)
Ly, = AL Pyl 9. (53)

2. The decay of [DYXF; 1/27) into J/yp is contributed
by [Cayucal y*ysN:

(DT 127 (I /¥ (g1, €1) p(g2))

aj _
N 5g M iy fp € aYaysip

= Ay, )iy ysip, (54)

where Ay, is defined for

Lyp = Ayp PeyuysN ¥ (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 | DX ¥, 1/27) 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 [D°XF; 1/27) into D** A is contributed
by [anuua] VMVSA?—:

(D°5F;1/27(q) | (g1, €1) AT (92))
a

~ 15 mp« fp+ fa, € UWyuysia,

= Ajiy, € UYLYsU 2+, (56)
where u 4, is the Dirac spinor of the Ag‘; ap 1S an
overall factor, related to the coupling of n(x,y) to
|DOEC+; 1/27) as well as the dynamical processes of
Fig. 2b, c; the coupling constant A j. , is defined for

Lpep = Apep, PeypysAl D™V (57)

In the molecular picture the P.(4312) is usually inter-
preted as the D X, hadronic molecular state of J© = 1/27.
Accordingly, we assume the mass of |D02j; 1/27) 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:

r(D°s+:1/27) — n.p) = a® 1.1 x 10° GeV’,
r(p°zr;1/27) — J/yp) = a} 2.8 x 10* GeV’,
r(p°sr;1/27) - DA}) = a3 2.0 x 10* GeV’.
(58)
There are two different effective Lagrangians for the
|D02j‘; 1/27) decays into the 5. p final state, as given in

Egs. (52) and (53). It is interesting to see their individual
contributions:

r(p’zt; 127y —» ncp)|£w =a? 4.9 x 10* GeV’,
F(D°Er51/27) = nep)ly, = at 11 x10° GeV'.
(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 A, _, and A;h_ > can not be well deter-
mined in the present study. We shall investigate its relevant
uncertainty in Appendix C.

42 & — 0/n

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of |[D~ X+, 1/27),

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

r(D™XI;1/27) = nep) = b} 2.1 x 10° GeV’,
r(D=xIt1/27) = J/yp) = b3 5.7 x 10* GeV',
r(p-xrt;1/27) - D*°A) = b3 3.9 x 10* GeV’.
(60)
Here b; and b are two overall factors, which we simply
assume to be b| = a; and by = in the following analyses.
The above widths of the |[D~ X +; 1/27) decays into the

nep, J/¥p, and D*OA;|r final states are all two times larger
than those given in Eq. (58) for the | D° X+, 1/27) decays.

43 m —0/n/§

In this subsection we follow the procedures used in Sect. 4.1
to study decay properties of |D*? X*+;1/27) through the
n2(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 |[D**XF; 1/27) into n.p is

(D5F:1/27() | ne(q1) p(qa))

e _ icy .
¥ Ane fp uup + T Joe fp @y uyunp

= Cyp ity + Cp p q1 UYpultp, (61)

where c; is an o_verall factor.
2. The decay of |D*OZ‘C+; 1/27) into J /v p is contributed
by both [¢,¥,cql Y ysN and [C40,pca] oMV ysN:
(D EF1/27 @1 /¥ (g1, €) p(g2)

&) _
N = M fap fp € Evuysi

icy _
_? fJT/I//fp ‘I{Lei)ua;w)ﬁup
= Cyp 6{Lﬁyuy5up + C:/,p q{‘efﬁa,wywp, (62)

where the two coupling constants Cy;, and C,, are
defined for

Lyp = Cyp PeyuysN ¥, (63)
Ly, = Cy, PcouyysN 0"y, (64)

3. The decay of |[D**XF;1/27) into x.(1P)p is con-
tributed by [c,cq] YsN:

(D55 1727 (@)1 xe0(q1) p(q2))
¢l

~ g mX('OchOfp I/_tj/Sup
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= Cyop Uysip, (65)

where C, , is defined for
EXcOP = Cyop ﬁcVSN XcO0- (66)

4. The decay of |[D**X};1/27) into x.1(1P)p is con-
tributed by [C4 Y, ¥5¢q] YHN:

(D35 1727 (@)1 xe1(q1, €1) p(q2))
¢l

~ W=
~ 1 My [y fp €1 UWypitp

= Cyrerp €] UYultp, (67)
where Cy,  is defined for
Lyerp = Craap PevuN xi1- (63)

This decay channel may be kinematically allowed,
depending on whether the P.(4457) is interpreted as
|D*0 3+ 1/27) 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 [D*YXF; 1/27) into DA is contributed
by [Caysita] Aj:

(D*xF1/27(q) | D%(q1) A (92))
ico _
M- ADfA, UuA,
= CﬁAc uua,, (69)

where ¢; is an overall factor, and the coupling constant
Cp 4, is defined for

Lpa, =Cpy Peal D (70)

6. The decay of |D*0XF; 1/27) into D*0 A} is contributed
by [Eaauvua] O'IWVSAiz

(D3 1/27(q) | D*(q1, €1) AL (q2))
icy _
R _? fg*fAc qil‘ei)uo’,quSMA(,

_ H_v=
= Chuy 4 €/UTLYY5UA, (71)

where C’;,  is defined for
Chyp. Peovys AT 9" DO (72)

/ —_—
‘CD*AC — Y D*A
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7. Decays of [D*X+; 1/27) into the DY X} and D~ X1+
final states are:

(D5 F; 127 (q) | D°q1) =F(q2))

~ f2 [
~ ? fpfs. q) Uyus,

=Cpy, 4] Uyus,, (73)
(DxF1/27(q) | D™(q1) ZH(q0)
i2¢) _
~—g In/z. gy iyuus,
=V2Cpy, ql'iiyuus,. (74)

where Cp 5. is defined for

ﬁDEC = C[)):C Pcyuz‘:_ ot DO
+V2Cphys Py Eit 0"D™. (75)

In the molecular picture the P,(4440) is sometimes inter-
preted as the D* X hadronic molecular state of J© = 1/27.
Accordingly, we assume the mass of |l_)*02j; 1/27) to be
4440.3 MeV, and summarize the above decay amplitudes to
obtain the following (relative) decay widths:

r(p?®xr:1/27) - nep) = 2 5.8 x 10* GeV’,
r(D*xr;1/27) — J/yp) = ¢} 4.6 x 10° GeV',
r(D*sr; 1/27) = xeop) = ¢ 2.0 x 10° GeV’,
r(p?®xr;1/27) - D°A}) = ¢3 5.5 x 10° GeV’,
r(pCzt; 127y - DAY =3 1.9 x 10° GeV’,
r(p*xr;1/27) - D°sF) = 3 1.6 x 10° GeV’,
r(p?®xr;1/27) > D=2 ) =332 x10° GeV’.
(76)

Besides, |D*OZ‘C+; 1/27) can also couple to x.1p, but this
channel is kinematically forbidden under the assumption
M, o5t p-y = 4440.3 MeV.

There are two different effective Lagrangians for the
|D*0XF; 1/27) decays into the J/vp final state, as given
in Egs. (63) and (64). It is interesting to see their individual
contributions:

r(D*xt:1/27) = J/yp)p, =i 1.5x10° GeV',
o
r(b*st:1/27) — J/yp)

o =c16.1x10° GeV'.
124

(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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44 & — 0/n

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of | D*~ X 127,
through the & (x, y) current and the Fierz rearrangements
given in Egs. (41) and (49). Again, we assume its mass to
be 4440.3 MeV, and obtain the following (relative) decay
widths:

r(D*~X:1/27) = n.p) = d? 1.2 x 10° GeV’,

r(D* 2 1/27) — J/yp) = dj 9.3 x 10° GeV’,

r(D*ZF:1/27) = xeop) = d? 4.1 x 10° GeV',

r(p*=xztt;1/27) - D°AF) = d3 1.1 x 10° GeV’,

r(D*=xr*1/27) - DA}) = d3 3.8 x 10° GeV',

r(D=xr*t1/27) - D) = d3 3.2 x 10° GeV'.
(78)

Here d; and d» are two overall factors, which we simply
assume to be d; = ¢y and d» = ¢ in the following analyses.

The above results suggest that | D*~ X+ 1/27) can not
fall-apart decay into the D~ X*+ final state, as depicted
in Fig. 3b, ¢, while |[D*XF; 1/27) can. The widths of
the |D"‘*ZJ:r *:1/27) decays into other final states, includ-
ing nep, J/¥p, xcop, D°AF, D*VAF, and DOXF, are
all two times larger than those given in Eq. (76) for the
DX} 1/27) decays.

45 n5 — 0/n/&

In this subsection we follow the procedures used in Sects. 4.1
and 4.3 to study decay properties of | D*0 X F;3/27) through
the 75 (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 |[_)*OZ‘C+; 3/27) into n¢p is

(D*2F:3/27(¢) | ne(q1) p(g2))

. (1 i
~iel fy.fpq)u® (Eg““ys + EUWVS) Up,
(79)

where u® is the spinor of the P, state with J* = 3/27,
and e is an overall factor.
2. The decay of |[D**XF; 3/27) into J/vp is

(DVZF 327 ()T /¥ (g1, €1) p(g2))

1 ap i ap
1—68 4—80' l/lp.
(80)

~ermypy f1py fp €l u® <—

3. The decay of [D*YXF; 3/27) into xc1 (1P)p is

(D55 3/27 () xe1(q1, €1) pq2))
_ 1 i
el My [y fp €l 0 (ngys + ﬁda“)fs) Up.
(81)

This decay channel may be kinematically allowed,
depending on whether the P.(4457) is interpreted as
|D*0xF;3/27) 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 |D**XF;3/27) into D*Y A} is

(D*xF3/27(q) | D*(q1, €1) AF(q2))

~2iey fhfa. qi'€l

_ i I 1
<ii® (_&gauyv+ﬁgavyu _ Eeoeﬂuvyﬁys) A,

(82)

where ¢ is an overall factor. . )
5. Decays of [D*X+;3/27) into the DY} and D~ X+
final states are:

(D*'3:3/27(¢) | D%q1) ZF(q2))

~ies fpfs. q)

X I/_ia <igaﬂyv — igavy”’ —

L afuy
24 24 € V’m)

24

1
X (‘ZV\)VS) ux., (83)
(D*2F:3/27(q) | D™ (q1) T (q2))
~ 2iey fpfs, qy
1 1 i
—a( — jap,v _ — av o Y _afuv
o <24g Voot VT gt ym)
1
X (—Zyvy5> us,. (84)

In the molecular picture the P,(4457) is sometimes inter-
preted as the D* X hadronic molecular state of J© = 3/2~.
Accordingly, we assume the mass of |D*OZ‘C+ ;3/27) to be
4457.3 MeV, and summarize the above decay amplitudes to
obtain the following (relative) decay widths:

r(p®°xt;3/27) = nep) = e 240 GeV’,
r(D*xr;3/27) - J/yp) = €7 4.7 x 10* GeV’,
r(Dp*sr;3/27) = xe1p) = €3 15GeV’,
r(p®xr;3/27) - D0AF) = €2 1.6 x 10* GeV’,
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r(p®zt;3/27) - D°zr) = €3 5.7 GeV’,
r(p?®xr;3/27) > DX ") =5 11 GeV'. (85)
Hence, |D*OZ‘ T:3/27) does not couple to the x.op channel,
different from |D*OZ‘C+, 1/27).

4.6 Eé)‘ — 6/n

In this subsection we follow the procedures used in the previ-
ous subsection to study decay properties of | D*~ X ++; 3/27),
through the &5 (x, y) current and the Fierz rearrangements
given in Egs. (42) and (50). Again, we assume its mass to
be 4457.3 MeV, and obtain the following (relative) decay
widths:

r(D*3%:3/27) = nep) = f2490 GeV’,
r(D* xf:3/27) — J/yp) = f7 9.3 x 10* GeV',
r(p*x*:3/27) = xe1p) = f{ 30 GeV’,
r(D*=xr*:3/27) - DA}) = £} 3.3 x 10* GeV’,
r(p*=xf*;3/27) - D°sF) = 7 11 GeV’.  (86)

Here fi and f> are two overall factors, which we simply
assume to be f1 = e and f, = e; in the following analyses.

The above results suggest that | D*~ X+ 3/27) can not
fall-apart decay into the D~ X+ final state, as depicted in
Fig. 3b, ¢, while |D**XF;3/27) can. The widths of the
|D*~X}F+:3/27) decays into other final states, including
Neps J/¥p, xe1p, DAL, and DOXF, are all two times
larger than those given in Eq. (85) for the | D*° xr3/27)
decays.

5 Isospin of D™ X, molecular states

In this section we collect the results calculated in the previous
section to further study decay properties of D) X molecular
states with definite isospins.

The D™ X, molecular states with / = 1/2 can be
obtained by using Egs. (21), (22), and (23) with §; = —55°:
- 1= 3°
}Dwza—/—>
f|D(*)OE+ e \/7|D(*) =My s
=3/3 J=3/3"
(87)

Combining the results of Sects. 4.1 and 4.2, we obtain:
(DX 1/27) = nep) = a% 3.2 x 10° GeV’
I'(|DX.;1/27) — J/yp) = al 8.5 x 10* GeV’ ,

r(DX;1/27) — DA = a3 5.9 x 10* GeV’. (88)
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Combining the results of Sects. 4.3 and 4.4, we obtain:

I'(|D*XZ:;1/27) = nep) = ¢ 1.7 x 10° GeV’,
I(ID*Z;1/27) = J/¥p) = ¢ 1.4 x 10° GeV’,
F(D*$:;1/27) = xeop) = ¢3 6.1 x 10> GeV’,
I(D*Z;1/27) — D°AT) = ¢3 1.7 x 10° GeV’,
r(D*%;1/27) = DA =3 5.6 x 10° GeV’,
I(D*Z:;1/27) — D°2F) = ¢5 5.4 x 10* GeV',
I(|D*Z:;1/27) = D™ X)) = ¢3 1.1 x 107 GeV'.
(39)
Combining the results of Sects. 4.5 and 4.6, we obtain:
[(|D*%:;3/27) = nep) = €2 730 GeV',
[(|D*Z;3/27) — J/yp) = et 1.4 x 10° GeV’,
I(|D*Ze;3/27) = xe1p) = €7 46 GeV',
r(D*x.;3/27) = D*AF) = €3 4.9 x 10* GeV’,
r(D*%.;3/27) —» D°SF) = ¢51.9GeV’,

r(D*s.;3/27) = D™ X T) =¢33.8GeV’. (90)

Comparing the above values with those given in Egs. (58),
(76), and (85), we find that the decay widths of the three
D™ X, molecular states with / = 1/2 into the n.p, J/¥p,
XcoPs Xe1p» DOAF, and D*Y AT final states also with I =
1/2 are increased by three times, and their decay widths into
the DYXF and D~ X+ 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
D™ X, molecular states with I = 3/2 (as if they existed),
which can be obtained by using Egs. (21), (22), and (23) with
9,' = 35°:

_ 17/ 37/
D(*)Z;— -z
\ r / >
\/—|D(*) 2++ l/i
272

/ ID(*)02+ 3+
2
On

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

r(D*s.;1/27"y - D°5F) = 3 43 x 10° GeV’,
I(D*Z;1/27"y - D™ X)) = 322 x 10° GeV’,
r(D*x.;3/27"y = D) = ¢35 15 GeV’,

r(D*x.;3/27) = D~ X)) =3 7.6 GeV'. (92)

Comparing them with Egs. (58), (76), and (85), we find that
the three D™ X, molecular states with / = 3/2 can not
fall-apart decay into the n.p, J/¥p, xcoP> Xc1P» [)OA;",
and D"‘()A;r final states with I = 1/2, their widths into the
DO X final state are increased by a factor of 8/3, and their
widths into the D~ X7 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 ccuud. We inves-
tigate three different configurations, n = [cu][udc], & =
[ed][uuc], and 8 = [cc][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 D®) X molecular states with 7 = 1/2
and JP =1/27 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 fp,., are removed
when calculating relative branching ratios. This significantly
reduces our uncertainty. Accordingly, we roughly estimate
our uncertainty to be at the X flsooogf level.

In the molecular picture the P.(4312) is usually inter-
preted as the EZ‘C hadronic molecular state of J© = 1 /27,
and the P, (4440) and P.(4457) are sometimes interpreted as
the D* X hadronic molecular states of J© = 1/2~ and 3/2~
respectively (sometimes interpreted as states of J* = 3/2~
and 1/27 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 Egs. (88), (89), and (90), from which we
further obtain:

— We obtain the following relative branching ratios for the
|IDX.; 1/27) decays:

B(IDXe;1/27) = J/Yp  :nep: DAY
B(IDX; 1/27) — J/¥p)
~1:3.8:0.69. (93)

— We obtain the following relative branching ratios for the
|D*X;; 1/27) decays:

e We obtain the following relative branching ratios for the
|D*X.; 3/27) decays:

B(1D*%:;3/27) — J/yp :nep : xe1p: DOAT : DOSF : D= 5F)
B(ID*2::3/27) — J/¥p)

~1:0.005:107%:0.35:: 107 : 1071 (95)
. (12 Cz 82 .
In these expressions, t = a—% ~ C—% ~ e—% is the parame-
1

1 1
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 + > 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 D™ X hadronic molecular states of
I = 3/2, and separately for the D®°XF and D™~ X+
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(wy) 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 P, states into the
D X* final state. However, we have kept all the charmed
baryon fields that can couple to the J = 1/2% ground-
state charmed baryons A, and X, i.e., fields given in
Eqgs. (15), so decays of P, states into the D® A and DX,
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 P, states into charmonia
and A/N*. However, we have kept all the light baryon
fields of J” = 1/27, i.e., terms depending on N; and
N3, so decays of P, states into charmonia and protons
have been well investigated in the present study.

B(ID*2; 1/27) = J/yp i nep : xeop : DAY : DAF . DX} : D=3)

B(|D*X:: 1/27) — J/yp)
~1:0.13:0.004 : 1.2¢ : 0.41¢ : 0.04¢ : 0.08¢.

(94)
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Our conclusions are:
— Firstly, we compare the 1. p and J /v p channels:

B(IDZe;1/27) = nep)
B(IDZc;1/27) — J/yp)

B(ID*2¢;1/27) = nep)
B(1D*2:;1/27) — J/¥p)
B(ID*%¢:3/27) = nep)
B(ID*%c;3/27) — J/¥p)

~ (.13,

~ 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
|DX.; 1/27) decay into the 7. p final state is comparable
to its decay width into J /v p, we propose to confirm the
existence of the P.(4312) in the 1. p channel.

— Secondly, we compare the D™ A, and J /vy p channels:

B(ID*X.; 1/27) — D°A})

— ~ 1.2t, )
B(ID*X;1/27) — J/¥p)
and
B(|DX,;1/2~ DAt
( 2> ) x 0601,

B(IDZ.:1/27) — J/¥p)

B(ID*X.; 1/27) — D*0AY)
B(1D*$:;1/27) — J/yp)
B(ID*X.;3/27) — D*0AY)
B(1D*$:;3/27) — J/yp)

~ 0.41¢,

~ (0.35¢. (98)

Accordingly, we propose to observe the P.(4312),
P.(4440), and P.(4457) in the D*Y AT channel. More-
over, the DY AT channel can be an ideal channel to extract
the spin-parity quantum numbers of the P.(4440) and
P.(4457).

— Thirdly, we compare the D X, and J/vp channels:

B(ID*%c;1/27) - D°X)

B(ID*Xc; 1/27) — J/yp)

B(ID*Ze;1/27) — D™ X}T)
B(ID*%c; 1/27) — J/¥p)

~ 0.04t,

~ 0.08t, (99)

and

B(ID*%;3/27) - D°xF) N
B(ID*%¢;3/27) — J/¥p)

@ Springer

B(|D*%:;3/27) — D~ X}H)

_ 10731,
B(ID*%¢;3/27) — J/¥p)

(100)

Accordingly, we propose to observe the P.(4440) and
P,(4457) inthe D~ X+ 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 P, states used in the present study, taken
from the LHCb experiment [4]:

P.(4312)" : m = 4311.9 MeV,
P.(4440)" : m = 4440.3 MeV,
P.(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:

ne(1S) : m = 2983.9 MeV,
J/(1S) : m = 3096.900 MeV,
xco(1P) : m = 3414.71 MeV,
xe1(1P) : m = 3510.67 MeV,
D/D : m = 1867.24 MeV,
D*/D* : m = 2008.55 MeV. (A2)

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,

A : m = 2286.46 MeV,
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X 1 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:

S wpiap) = (p+m, (A4)
spin
- 1 o
S s P () = (g = e = L e
spin
20
——};Ml;“ ) B+m) . (A5)
m

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:

By = eance" "% (g5 Cap)ysce. (B.6)
By, = eance™ P9 (¢4 Cysap)c, (B.7)
By, = eance" P (¢ Cyuysap)ve, (B.8)
By = Pieavec O (g Cy " ysap)ysee (B.9)
Bgy = €ancSip(a Cyuap)y"vsc’, (B.10)
Bls = €apeSY5(q4" Couvg)o™ ysct, (B.11)
Bg, = Pyl €ancS{5(q4" Cy qp)cs, (B.12)
B, = Pl (Bgy + Bgg). (B.13)
ng = le/ziﬂ(Bg%aﬂ + Bﬁl{éaﬁ)» (B.14)
where

BY1, = €aveSY5 (a4 Coung)y’ e’ (B.15)
Bg's, = €abeS35(q4" Couvysqp)yysct, (B.16)
Bgm = €abeSY (g4 Coung)ysct, (B.17)
Bg = €abeSY 55" Copunysgh)ce. (B.18)

In the above expressions, a, b, ¢ are color indices and the sum
over repeated indices is taken; A, B, G, U are SU (3) flavor
indices, so that g4 = {u, d, s}; €48 is the totally antisym-
metric matrix with G = 1, 2, 3, so that Bgi belong to the

SU (3) flavor 3 representation; SX p are the totally symmet-
ric matrices with U = 1---6, so that Bg ; belong to the
SU (3) flavor 6 representation; c¢ is the charm quark field
with the color index c; C is the charge-conjugation matrix;
Pil/,z and Pi\/;iﬁ are two J = 3/2 projection operators.
Among the nine fields given in Egs. (B.6-B.14), B¢

3,1’
G G U U : _ G
33,2’ 3373, B6’4, and B6’5 have pure spin J = 1/2, and Biu’

U pu U
Bﬁ,u’ B6,w and BG,,w
study we only take into account the J¥ = 1/2% “ground-

state” charmed baryon fields, Bg 5 and Béj 4> While we omit
G pG pG U pU
other charmed baryon fields, Bi,l’ 35’3, Biu’ B6’5, Bﬁ.u’

Bé{jﬂ, and Bé{,m
1/2% ground-state charmed baryons A, and X, 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

(¢ = u/d)quarks to construct five independent baryon fields:

have pure spin J = 3/2. In the present

all of which do not couple to the J¥ =

N1 = bl Cdp)ysu, (B.19)
Ny = e“* ! Cysdp)u, (B.20)
N = € (uy Cy ysdy)ysue, (B.21)
N} = ebewlcyrdyu,, (B.22)
NI = el Co™ dp)ysuc. (B.23)

Among these fields, the former two N; 2 have pure spin
J = 1/2, but the latter three N}’ 4(2-) do not have pure spin
J = 3/2. We need to further use the projection operators
P35 and P;;;aﬁ to obtain Nﬂg, already given in Eq. (31),

which have pure spin J = 3/2. The relations between N3’ ivg

1 (v)
and N3,4y5 are

L _ pho
N3 _P3/2XN3/‘(1

w1y
= N3~ + ;v"ys(Ni = No), (B.24)
Ny = P35 X Ny,
1
=N+ ZJ/“J/S(Nl — N2, (B.25)

ny _ ppvaB
N5 = P3)" x Niyg

i
= N+ Sy s N
i 1
—Ey“ys(Név + N+ ga“”(zzvl — N,). (B.26)

All the other baryon fields can be transformed to N 1(/’; ‘)3) 45

(and so to N“)

1’2,3‘4’5) through:

P (ul Cydp)yuysuc = Ny = Ny |
™ (ug Cy* ysdp)yuue = Ni = Na,
GabC(MZCUMde)GMUVSMC = —2N; —2N,,
eabc(uaT(Cyudb)d“”uC

= —iN}' —iy"ys(N1 = N2,
P (ul Cyyysdy)o ysue

= —iN{' —iy"ys(N1 = Na),
e“bc(uZCo“”db)ych

=iNy +iN} +iy"ysNy,

@ Springer
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P ul Co™ ysdy)yyysue =N/ +iy"ysN{* —iy"ysNy + 0"V Ny,
= —iN} —iN/ +iytysNa, el Co™ ysup)d,
e (ul Coysdy)uc = NI +iy"ysN} —iy"ysNy + 0" Ny,
= N;MV + iVUVS(Néu + N!;M) €®cerro (yI' Copqup) oy d,
—iy"ys(N3" + Ny') + " (Ny — N2), = 2N — iy ys(NY + N
ebeerh? (uI Copydy)opquc Fiyhys(NY + NJY) + 2077 Ny,
= —2N$" =iy ys (N + N "7 (uf Cypup)yede
+iy"ys(N3' + Ny') — 201N, = —iyVys(NJ + N + iyt ys(NY + NJY),
etbeemvro (Mg(c)/pdb)l/auc gabegnveo (uZCypy5uh)ygy5dC =0. (B.28)

= —iy"ysN} +iy"ysNy — " (N1 = No),
P (ul Cypysdy) Vo ysite
=—iy'ys N;“ +iy"*ysNy — o’ (Ny — N2), (B.27)  Appendix C: Uncertainties due to phase angles

d
an There are two different effective Lagrangians for the

DY+ 1/27) (and |D~2FF; 1/27)) decay into the n.p
eabc(ug(Cub)ysdc =0, final state, as given in Egs. (52) and (53):

el Cysup)d. =0,

' = gnp P 2
P (ul Cy"up)yuysde = 2Ny + 2N, Laep = gnep PeN e, (C29)
7 S L, =g, PoyuN o* (C.30)
Gabc(“gcl’”ysuh)mdc =0, nep = 8nep Felu Ne- .

abc . T 7Y _
€ (uy Co up)oyvysde = 4N1 + 4N, There are also two different effective Lagrangians for the

e (] Cyrup)d, |D*5+:1/27) (and |D*~XF+:1/27)) decay into the
= N;” + N+ y*ys(Ny — Ny), J /vy p final state, as given in Egs. (63) and (64):
€ (ug Cy" ysup)ysde = 0, 5
abe(, T v Lyp = gyp PevuysN v, (C31)
€ (u, Cyyup)o"d, / I P MoV
pr = 8yp PeoyyysN 0%yt (C.32)

= —iNJ" —iN} +iy"ys(Ny — No),

abc /T nv _
€ (uy Cryysup)o™ysde = 0, There can be a phase angle 6 between g, and g;, , and

e I Co up)yvd, another phase angle 6" between gy, and g}, both of which
=i Né” +i N‘/‘“ —iy*ys(N| + No), can not be determined in the present study. In this appendix

eabe(y Z(C MV ysup) yoysde we rotate 6/60’ and redo all the calculations.

=iNy —iN}* —iy"ys(Ny + Ny,
€abe (y T Cohv up)ysde — We obtain the following relative branching ratios for the
“ D™ ¥, hadronic molecular states of 7 = 1/2:

B(DZ;1/27) — J/yp : nep = DAY
B(IDZc;1/27) — J/yp)

~ 1 : 05~38 : 0.6 (C.33)
B(ID*X; 127y — J/¥p : nep : xop : DAY : DA : DO2F : D-xit)

B(ID*Ze; 1/27) = J/¥p) | 4o
~ 1~18 :01~1.1:0004 : 1.2+ : 041r : 0.04r : 0.08f , (C.34)

B(ID*%:;3/27) — J/yp : nep ¢ xerp : DAF : DZF . DmXFT)
B(1D*%;3/27) — J/¥p)
~ 1 :0005:107%: 035 : 1075 : 107z (C.35)
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e We obtain the following relative branching ratios for the e We obtain the following relative branching ratios for the
D™ X, hadronic molecular states of I = 3/2: D®0 3+ hadronic molecular states:

B(ID°2F;1/27) — J/yp + nep : DAY
B(ID°%::1/27) — J/yp)
~ 1 : 05~38 : 0.69, (C.38)
B(IDxF 1727y = J/Yyp © nep : xeop : D°AF 1 DAY . DOXF . DX
B(IDZ5:1/27) = J/vp) |gg
~ 1~18 :01~1.1:0004: 12t : 041z : 035 : 0.70r, (C.39)
B(ID*x}:3/27) = J/¥p : nep i xap : DAT : DOXF : DXt
B(1D5F:3/27) — J/yp)
~ 1 :0005:107%: 035 : 107% : 107%. (C.40)

e We obtain the following relative branching ratios for the
D™= ¥+ hadronic molecular states:

B(D~Xi*1/27)— J/yp : nep : D¥AT)
B(ID=X*;1/27) — J/¥p)
~ 1 : 05~38 : 0.69, (C.41)
B(ID*=XF1/27) > J/yp : nep : xeop : DAY : DAY . D°2F : DX}t
B(1D*= XX 1/27) = 1/¥p) |,
~ 1~18 :01~1.1:0004: 12t : 041r : 035 : 0, (C.42)
B(ID*=XF*;3/27) > J/yp : nep : xap : DAY : D'SF . D=xFT)
B(ID*=xF":3/27) — J/yp)
~ 1 :0.005:107%: 035 : 107% : 0. (C.43)
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