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Abstract: There may be seven D(*)Z(C*) hadronic molecular states. We construct their corresponding interpolating

currents and calculate their masses and decay constants using QCD sum rules. Based on these results, we calculate

their relative production rates in Ag decays using current algebra, that is, B(Ag — P.K7): B(Ag — P.K™), where

P. and P, are two different states. We also study their decay properties via Fierz rearrangement and further calcu-
late these ratios in the J/y¥p mass spectrum, that is, B(Ag — P. K~ > J/YypK™): B(Ag — P.K~ — J/ypK~). Our
results suggest that the D*X} molecular states of J = 1/2 and 3/2~ may be observed in future experiments.
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I. INTRODUCTION

Since the discovery of X(3872) by Belle in 2003 [1],
many charmonium-like XYZ states have been discovered
[2]. Some of these structures may contain four quarks,
ccqq (g = u/d), and are therefore good candidates for hid-
den-charm tetraquark states.

In recent years, the LHCb Collaboration has continu-
ously observed as many as five interesting exotic struc-
tures:

e In 2015, the LHCb experiment observed two struc-
tures, P.(4380)" and P.(4450)*, in the J/yp invariant
mass spectrum of the Ag — J/ypK~ decays [3]:

P.(4380)" : M =4380+8 +29 MeV,
I'=205+18+86 MeV, €

P.(4450)" : M =4449.8+1.7+2.5 MeV,
I'=39+5+19 MeV. )

This observation was later supported by a subsequent
LHCb experiment investigating the J/¢p invariant mass
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spectrum of the A) — J/ypn~ decays [4].

e In 2019, the LHCb experiment observed a new
structure, P.(4312)*, and further separated P.(4450)* in-
to two substructures, P.(4440)" and P.(4457)*, again in
the J/yp invariant mass spectrum of the Ag — J/ypK~
decays [5].

P.(4312)" : M =4311.9£0.775% MeV,
=9.8+2.7"1 MeV, (3)

P.(4440)* : M =4440.3+ 13" MeV,
=20.6+4.9"%7 MeV, 4)

P.(4457)" : M =4457.3% 0.6+ MeV,
5.7
I =6.4+2.0"3] MeV. )

e In 2020, the LHCb experiment reported evidence of
a hidden-charm pentaquark state with strangeness,
P.;(4459)°, in the J/yA invariant mass spectrum of the
E, — J/WAK~ decays [6].
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P.(4459)" : M =4458 8 £2.9*%7 MeV,
[=17.3+6.5"0 Mev. (6)

These structures contain at least five quarks, ccuud or
ccuds; therefore, they are perfect candidates for hidden-
charm pentaquark states. The charmonium-like XYZ and
hidden-charm pentaquark states have attracted signific-
ant attention, and studies on these states have greatly im-
proved our understanding of the non-perturbative behavi-
ors of the strong interaction in the low energy region
[7-18].

To understand the P. and P, states, various theoret-
ical interpretations have been proposed, such as loosely-
bound hadronic molecular states [19-40], tightly-bound
compact pentaquark states [41—51], and kinematical ef-
fects [52— 55]. In particular, the three narrow states
P.(4312)*, P.(4440)*, and P.(4457)* are just below the
DX, and D*Y, thresholds; therefore, it is natural to de-
scribe them as D™X. hadronic molecular states, whose
existence was predicted in Refs. [56—60] before the 2015
LHCDb experiment [3]. The other narrow state, P.;(4459)°,
is just below the D*E. threshold; hence, it is natural to
describe it as the D*=, molecular state [61, 62].

However, these exotic structures were only observed
in the LHCDb experiment [3—6]. It is crucial to search for
their partner states as well as other potential decay chan-
nels to further understand their nature. There have been
several theoretical studies on this subject using, for ex-
ample, effective approaches [63— 66], the quark inter-
change model [67, 68], heavy quark symmetry [69, 70],
and QCD sum rules [71]. We refer to reviews [7—18] and
the references therein for detailed discussions.

In this paper, we systematically investigate hidden-
charm pentaquark states as D®¥{”’ hadronic molecular
states through their corresponding hidden-charm
pentaquark interpolating currents. We systemically con-
struct all the relevant currents and apply QCD sum rules
to calculate their masses and decay constants. The ob-
tained results are used to further study their production
and decay properties.

Our strategy is fairly straightforward. First, we con-
struct a hidden-charm pentaquark current, such as

V2£ (x) =[6% 84 (x)ysdp(x)]
x [€“ul ()Cy,ua()y" ysce(01,  (7)

where a---e are color indices. This is the best coupling of
the current to the D™X!* molecular state of J” =1/2"
through

OIEID™E31/27 () = fiulg), @®)

where u(q) is the Dirac spinor of |[D™X *;1/27). Its decay

constant f; can be calculated using QCD sum rules.

Second, we investigate three-body A) — J/ypK~
decays. The total quark content of the final states is
udcésiiu, where the intermediate states D®-="" K~ can
be produced. We apply Fierz rearrangement to carefully
examine the combination of these seven quarks, from
which we select the current ¢; and evaluate the relative
production rate of |[D~X *;1/27).

Third, we apply the Fierz rearrangement of the Dirac
and color indices to transform the current &; into

1 1
V¢, - ¢ [Cayscal N= o [eavucal YysN+++. - (9)

where N = e?“(ul'Cdy)ysu, — € (ul Cysdy)u. is loffe's
light baryon field coupling to a proton [72—74]. Accord-
ingly, &1 couples to the n.p and J/yp channels simultan-
eously:

V2
Ol lmep) ~—7Olcayscalne) OINIp) + -

2
Olé1lyp) == %(WWHQM) YysOINIp)+---. (10)

We can use these two equations to straightforwardly cal-
culate the relative branching ratio of the |[D™Xf*;1/27)
decay into n.p to its decay into J/yp [75]. We refer to
Ref. [76] for detailed discussions. There, we applied the
same method to study the decay properties of P.(4312)*,
P.(4440)*, and P.(4457)* as D™X, molecular states, and
in this paper, we apply it to study the decay properties of
the D®E; molecular states.

This paper is organized as follows. In Sec. II, we sys-
tematically construct the hidden-charm pentaquark cur-
rents corresponding to the D®E” hadronic molecular
states. We use them to perform QCD sum rule analyses in
Sec. III and calculate their masses and decay constants.
The obtained results are used in Sec. IV to study their
production in AY decays using current algebra. In Sec. V,
we use the Fierz rearrangement of the Dirac and color in-
dices to study the decay properties of the DX} molecu-
lar states and calculate several of their relative branching
ratios. The obtained results are summarized and dis-
cussed in Sec. VL.

II. HIDDEN-CHARM PENTAQUARK INTERPOL-
ATING CURRENTS

In this section, we use the ¢, ¢, u, u, and d (¢ = u/d)
quarks to construct hidden-charm pentaquark interpolat-
ing currents. We consider the following three types of
currents:
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00x) =[2a (T cp (0] | [g! ()T ga(x)] Tige(0)],
n(x) =[O up(0)] [ (] (OCT 3 ()] The (%),
£(x) =[a()Tdp(0)] [[1] (NCT5ua()] Tice ()], (1)

.. 6 . .
where a---e are color indices, Fl//g//‘: are Dirac matrices,

and C =1iy,yyy is the charge-conjugation operator. We il-
lustrate these in Fig. 1. These three configurations can be
related using Fierz rearrangement in Lorentz space and
color rearrangement.

6ab ecde = 59 Ehde + 6ad Eche + 5% ecdb ) (12)

This is discussed in detail in Sec. V, where we construct
the 6(x) currents by combining charmonium operators
and light baryon fields.

In this section, we construct the n(x) and &(x) cur-
rents and use them to construct currents corresponding to
the DX hadronic molecular states. To achieve this, we
combine charmed meson operators and charmed baryon
fields. There are five independent charmed meson operat-
ors:

¢aqal07],  €a¥5qa[071,
Ea’)’p‘]a[l_]’ Ea'y;lyng[1+], E‘aa—,uvqa[li]- (13)

There is another, ¢40,,y594s; however, it is related to
Ca0uvqq through

i
OwYs = Eepvpaa-pa— . (14)

In particular, we require the J© =0~ and 1~ operators to
construct the n(x) and &(x) currents, which couple to the
ground-state charmed mesons D = D/D*.

Jp =Ca¥59a > Jp: =Z'a7/1Qa- (15)

S
S

(a) 6(z) currents: [ec][uud)]

Fig. 1.

(b) n(x) currents: [cu]{udc]

Charmed baryon fields have been systematically con-
structed and studied in Refs. [77-80] using the method of
QCD sum rules [81, 82] within heavy quark effective the-
ory [83—85]. In this paper, we require the following
charmed baryon fields, Jg, which couple to the ground-
state charmed baryons 8 = A, /Z./Z}:

In: =€ [ul Cysdylee,
V2Js. =€ [ul Cyuly*ysce

Ts: =€ [ul Cyudpy I ysce
V2Js =€"[d] Cy,dyly*ysce.,

‘/EJ%H :e“bCPg%[ugCyﬂub]cc,

ng =6“bCP‘3Y72[u£Cyﬂdb]cc,

V278, = PYld] Cyudy e (16)

Here, P4

3 18 the spin-3/2 projection operator

P, ="~ %7”7”. (17)

In the molecular picture, P.(4312)*, P.(4440)*, and
P.(4457)* are usually interpreted as the DX, and D*X,
hadronic molecular states [20, 21, 60]. Their relevant cur-
rents have been constructed in Ref. [76]. In this paper, we
further construct the DX} and D*X! currents; they are all
summarized here for completeness.

Altogether, there can be seven D®X{” hadronic mo-
lecular states, which are DX, of JP=1/2", D'T. of
JP=(1/27/3/2)", D of JP=3/2", and D' of
JP=(1/2)7/3B/2)7/(5/2):

|DX.;1/27:6) =cos§ |D°Z}:1/27)
+sinf D7} 1/27), (18)

ID*Z;1/27;6) =cos@ |D%};1/27)

+sind DI 127, (19)
d
c
d u
u Y, u
C

(c) &(z) currents: [ed][uuc]

(color online) Three types of hidden-charm pentaquark interpolating currents, 6(x), n(x), and &(x). Quarks are shown in

red/green/blue, and antiquarks are shown in cyan/magenta/yellow. Taken from Ref. [76].
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ID*Z.;3/27:6) =cosf |D*0%:3/27)
+8in@ |D* "X T;3/27),

|DX:3/27:6) =cos# |D°Zi;3/27)
+sing |D7E;TT;3/27),

ID*Z!:1/27:0) =cosf D08 1/27)
+sing |[D7E1/27),

ID*Z}:3/27:60) =cosf D%’ 3/27)
+sing |[D*7X;TF;3/27),

ID"53:5/276) =cos |D0E":5/27)
+sinf |DTE5/27),

(20)

21)

and

(22)

(23)

(24)

where 0 is an isospin parameter satisfying 6 = -55° for
I=1/2 and 9=35° for I =3/2. In the present study, we
concentrate on the former 7 =1/2 states, so that we may

simplify the notations to

IDIED; 07y =173 1D 07

— 273 D7 Py,

Their relevant interpolating currents are
Ji=cos@n;+sinf &,

where

m =[6"C ysup] [€“ul Cy,day"ysce)
nO
=D°37,

M =[6“ e,y up) ¥'ys [€%ul Cy,day"ysc,]
=D}’ y"ys 3},

n3 =P}, [6Cayyup] [€ul Cy,day'ysc.]
=P5) Dzt

0§ =[6" 2aysup] P, le“ul Cy,dyc,)
:DO Ez+;a ,
ns =[6"¢.yyup) PY;

3/2 [GCdeuZC’Yﬂddce]
=D1t0 zz+;v ,

(25)

(26)

27)

(28)

ng :[6“1’anvub] Pgtfz v'ys PﬁLz[eCdeucT(Cy”ddce]

=Dy’ P, ¥"vs i (32)

1P =P8 [6C,y,up] PAA€ul Cytdye.]

5/2
_ pap, A0 o
P DY 3l (33)

1 .
& =5 [6°¢,y5dp] [€““ul Cyuay*ysce]

=D~ I, (34)
1 ab - v cde, T
& Y (6 Cayvdp] ¥ys [€“““u, Cyuayysce]
=D} y'ys X7, (35)

1
& =—= P37, [6“Cayvdy] [€““ul Cy uay*ysc.]

V2
=P3), D) X7, (36)

1 o e
& 5 [6%¢,ysdp] PY [€%ul Cyuac,

> 3/2
=D~ It (37)
1 ab = Vi cde, T
55 :@ [5 Ca)/de] P3/2[E Uc C'}/ﬂudce]
=Dy X, (3%)
1 o, c
& -7 [6°2ayvdy] P51,y s PoltTeul Cy uac,]
_ ¢ p v et
=D, P3, ¥ ys Xy s (39)

1 _ )
‘7’[3 = P;%Vp [6“bcayvd;,] le/lz[e‘deuCTCy”udce]
V2
=P Dy X

512 (40)

(29)  In the above expressions, we use D and B to denote the
charmed meson operators Jo and charmed baryon fields
Jg for simplicity; PX"¥7 is the spin-5/2 projection operat-

or
(30)

5/2

Py =lg"pgv” + lg”"gvp - ég“ g - %g" Py y”

G
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III. MASSES AND DECAY CONSTANTS
THROUGH QCD SUM RULES

In this section, we use QCD sum rules [81, 82] to
study D®E molecular states through the currents J..;,
that1s Jins of JP=1/27, VP of JF=3/2", and J;w of

JP =5/27. We calculate their masses and decay con-
stants, and the obtained results are used in the next sec-
tion to further calculate their relative production rates.
Several of these calculations have been performed in
Refs. [19, 86—88], and we refer to Refs. [38—40, 50, 61]
for more relevant QCD sum rule studies.

A. Correlation functions

We assume that the currents J,.; couple to the
D®x molecular states X,..; through

OlJ12,51X1,2,5:1/27) = fx,,, u(p),
(O3, 61X3.4.6:3/27) =fx,, u"(p),
O 1X7;5/27) = f,u™ (p), 42)

where u(p), u®(p), and u®(p) are spinors of Xj.;. The

two-point correlation functions extracted from these cur-
rents can be written as

Mias(q?) =i f d*xe (0IT [ /1 25(x)]1 2.5(0)]10)

=(4+Mx,.) Tas(q).

(43)
596 (‘12) =i f d*xel?*(0|T [J 54607 §’:4,6(0)] 10)
=G50+ Mx.,) () (44)
o8 (i) =i f dtxe 0T [ 150 T3 (0)]10)
=G5 (g+Mx,) T (7)),
(45)

where G, 5, and Q” are coefficients of the spin-3/2 and
spin-5/2 propagators respectively.

Py -yt 20
3m 3m?

1
Gip(P) =g =37y~ (46)

1
= oMY o0
Sg”g

- E(g“p YT+ gy Y + &Yy + g7y YP)

s (D) ——(g"”g 7+g"7g") -

1
+ W( Y =Py )+ - PPy
+8 (P = PV +8" (MY = PY)
1
+ ;(g’”pp p7+877p"p")
m
2
5 gp"p” +8"p" P’ +g" ' p” +8" p'p’)
* Ton2 (y“pv(y” p7 Y+ PP T+ PP ))
m
1
+ F(ppp"(y"p” +Y' ") =P’ P+ 1))
m
2
+ %PHPVPPPU~

(47)

In the above expressions, we assume that the states Xj..;
have the same spin-parity quantum numbers as the cur-
rents J;.; so that we may use the "non-ys coupling”" in
Eq. (42). Conversely, we must use the "ys coupling,"

OW1.71X7..7) = fx;, vsu(p), (43)

if the states X| . have an opposite parity to the currents
Ji.7. We may alternatively use the partner currents
vsJ1..7, which also have opposite parity.

<0|’}/5J1...7|X14..7> = fx1 7‘}/51/1([7). (49)

From Egs. (48) and (49), we can derive another "non-vys

coupling" between ysJy..7 and X| ., expressed as

OlysJ1.71X1..7) = fx, u(p). (50)

We refer to Refs. [89-92] for detailed discussions.

The two-point correlation functions derived from Egs.
(48) and (49) are similar to Egs. (43) —(45) but with
(4 + Myx) replaced by (- 4+ My). Based on this feature,
we can extract the parities of X..7; we use the terms pro-
portional to 1 to evaluate the masses of Xj..;, which are
then compared with the terms proportional to 4 to ex-
tract their parities.

In QCD sum rule studies, we must calculate the two-
point correlation function H(qz) at both the hadron and
quark-gluon levels. At the hadron level, we use the dis-
persion relation to express this as

() = % f RRLILOINN (51)

_ s—¢*-ie

with s the physical threshold. We define the imaginary
part of the correlation function as the spectral density
p(s), which can be evaluated at the hadron level by insert-
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ing the intermediate hadron states Y, [n)(n|as follows:

Pphen(s) SImII(s) /7
=" 6(s = M)Olnlnnln'[0)

= f)%é(s - mi) + continuum. (52)

In the last step, we adopt typical parametrization of one-
pole dominance for the ground state X along with a con-
tinuum contribution.

At the quark-gluon level, we calculate H(qz) using
the method of operator product expansion (OPE) and ex-
tract its corresponding spectral density popg(s). After per-
forming the Borel transformation at both the hadron and
quark-gluon levels, we approximate the continuum using
the spectral density above a threshold value sy (quark-
hadron duality) and arrive at the sum rule equation

(50, M2) = e~/ = f e Mpop(s)ds.  (53)

This can be used to further calculate My and fx through

So
e ™ spopg(s)ds

- , (54)
f e popg(s)ds

M3 (s, M) =

So
f)?(SO,MB) = C(MX(SO’MB))/MB f C_S/M‘M‘popE(S)dS.

S<

(55)

In this study, we calculate OPEs at the leading order
of @, and up to the D(imension) = 10 terms, including the
perturbative term, charm quark mass, quark condensate
(Gq).gluon condensate (g>?GG), quark-gluon mixed con-
densate (g,go0Gq), and their combinations (gq)>,
(Gq){gsGoGq), {Gq)*, and (g,GgoGq)>. We summarize the
obtained spectral densities p;..7(s) in Appendix A, which
are extracted from the currents J..7, respectively.

In these calculations, we ignore chirally
suppressed terms with light quark masses and adopt
the factorization assumption of vacuum saturation for
higher dimensional condensates, that is, ((G9)*) = (gq)>,
((G9)(g5q0Gq)) =(qq){¢:40Gq),  {((gq)’) =(gq)’, and
((g5G0Gq)*) = {g;goGq)*. We find that the D =3 quark
condensate (gg) and the D=5 mixed condensate
(gsqoGq) are both multiplied by the charm quark mass
mc.and are thus important power corrections.

In the following subsection, we use the spectral dens-
ities p;..7(s) to perform numerical analyses and calculate

the masses and decay constants of X;..;. First, however,
let us investigate the current J; as an example. This has
the quantum number J =1/2" and couples to the DX,
molecular state X;. Its spectral density p;(s) is given in
Eq. (A1). We find that the terms multiplied by m, are al-
most positively proportional to the terms multiplied by 4.
Hence, the extracted parity of X; is found to be negative,
which is the same as J;. In other words, J; mainly
couples to a negative-parity state. Similarly, all the
D™= molecular states defined in Egs. (18)—(24) are
found to have negative parity.

B. Mass analyses

In this subsection, we use the spectral densities
p1.7(s) extracted from the currents J;..; to perform nu-
merical analyses and calculate the masses and decay con-
stants of X;..7. As discussed in the previous subsection,
we only use the terms proportional to m, to achieve this.

We use the current J; as an example, whose spectral
density p;(s) can be found in Eq. (A1), and apply the fol-
lowing QCD sum rule parameter values [93—101]:

me =1.275*0032 GeV,
(Gq) =—(0.24£0.01)> GeV?,
($2GG) =(0.48 +0.14) GeV*,
(¢:G0Gq) =M x(qq),
M3 =(0.8+0.2) GeV?, (56)

where the running mass in the MS scheme is used for the
charm quark.

There are two free parameters in Eqs. (54) and (55),
the Borel mass My and threshold value sy. We use two
criteria to constrain the Borel mass Mg for a fixed sq.
The first criterion is to ensure the convergence of the
OPE series. This is achieved by requiring the D =10
terms (m.(gq)’ and (g,goGgq)?) to be less than 10% so
that the lower limit of My can be determined.

11°=1%(co, M)
I(co, Mp)

Convergence = <10%. (57)

We show this function in Fig. 2 using the solid curve and
find that OPE convergence improves with increasing Mg.
This criterion leads to (Mgli“)2 =327 GeV’ when setting
so =24 GeV?2.

The second criterion is to ensure the validity of one-
pole parametrization. This is achieved by requiring the
pole contribution to be larger than 40% so that the upper
limit of My can be determined.

G50 Ms) 4005 (58)

Pole-Contribution = m >
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60% ] ; : 60%
—50% el 50% &
s N =
o 40%: - e 40% .2
Q 1 i ] ~~o =
= | i ! Ss~ao 2
& 30% i ! ; =~~<130% ‘g
) 3 B E
Z 20% ; ] 20% O
S Lo S

10% EEE 10% £

0 : : : : 0
3.0 327 340 3.52 3.8 4.0
Borel Mass? [GeV2]
Fig. 2. Convergence (solid curve, defined in Eq. (57)) and

pole-contribution (dashed curve, defined in Eq. (58)) as func-
tions of the Borel mass Mg. These curves are obtained using
the current J; when setting so = 24 GeV?2.

We show this function in Fig. 2 using the dashed curve
and find that it decrezzises with increasing Mg. This cri-
terion leads to (Mg‘a*) =3.52 GeV? when setting s = 24
GeV?2.

Altogether, we extract the working region of the
Borel mass to be 3.27 < M3 <3.52 GeV? for the current
J; with the threshold value so = 24 GeV2. We show vari-
ations in My, and fx, with respect to the Borel mass My
in Fig. 3. They are shown in a broader region, 3.0
<M} <4.0 GeV?, and are more stable inside the above
Borel window.

Redoing the same procedures by changing sy, we find
that there are non-vanishing Borel windows as long as
so > spin =22.4 GeV2. Accordingly, we choose sy to be
slightly larger with an uncertainty of +1.0 GeV, that is,
50=24.0+1.0 GeV?2. Overall, our working regions for
the current J, are determined to be 23.0 < sy <25.0 GeV?
and 3.27 < M% <3.52 GeV?, for which we calculate the
mass and decay constant of X; to be

My, =4.30*10 GeV,

0.19 -3 6
fr =(1.195013)x 107 GeV®. (59)
5.0 ; —— 5.0
545 45
> | - —
@) — —— — —— '_:
g | |
= 4.0 ‘ : 4.0
3.5 ‘ — 3.5
3.0 327 340 352 3.8 4.0

Borel Mass? [GeV?]
Fig. 3.

Here, the central values correspond to M3 =3.40 GeV?
and sop=24.0 GeV?. Their uncertainties originate from
the threshold value s¢, Borel mass Mg, charm quark mass
m,, and various QCD sum rule parameters listed in Eq.
(56). This mass value is consistent with the experimental
mass of P.(4312)* [5], revealing it to be the 1= 1/2D%,
molecular state of JX =1/2".

Similarly, we use the spectral densities p,..7(s) extrac-
ted from the currents J,..; to perform numerical analyses
and calculate the masses and decay constants of X..;7. In
particular, the sum rule results extracted from the cur-
rents J¢ and J;zﬁ are

My, =4.647010 GeV,  fx, = (1.013013)x 107 GeV®,

My, =4.647013 GeV,  fx, = (0.77:017) x 107 GeV°.
(60)

These two mass values are both close to, but slightly lar-
ger than, the D*X} threshold at Mp. + Ms. =4527 MeV.
To obtain a better description of the D*E! molecular
states that may lie just below the D*XT’ threshold, we
loosen the criterion given in Eq. (57) to

11°=1%(c0, M)

Convergence = Ti(oo. M)

< 15%. 61)

Now, the masses and decay constants extracted from the
currents J¢ and J;’ﬁ are modified to be

bMy =4.527011 GeV,  fy =(0.85)11)x 107 GeV®,

My =455%013 GeV,  fy, =(0.657013)x 107 GeV®.
(62)

Moreover, the mass of |DX};3/27) is calculated to be

4.43*10 GeV, which is consistent with, but also slightly

larger than, the DZ; threshold at Mp +Ms. = 4385 MeV.

3 : 3

) ‘ : ‘ 2

2 : : :

° : ] ‘

o e —— — = — —

1 ‘ ] !
3.0 327 340 352 3.8 40

Borel Mass? [GeVz]

Variations in the mass Mx (left) and decay constant fx (right) with respect to the Borel mass Mg, calculated using the current

J1. In both panels, the short-dashed, solid, and long-dashed curves are obtained by setting so = 23, 24, and 25 GeV?2, respectively.
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All these divergences indicate that the accuracy of our
QCD sum rule results is moderate but not good enough to
extract the binding energies of the D™X!’ molecular
states. Therefore, our results can suggest but not determ-
ine a) whether these D®X{” molecular states exist, and b)
whether they are bound or resonance states. However, in
this study, we are more concerned with the ratios, that is,
the relative production rates and relative branching ratios,
whose uncertainties can be significantly reduced. Accord-
ingly, the decay constants fy calculated in this section are
input parameters that are more important than the masses
Myx. Note that the decay constants fx can also be used
within the QCD sum rule method to directly calculate the
partial decay widths through the three-point correlation
functions; however, we do not perform this in the present
study.

We summarize all the above sum rule results in
Table 1. Our results are consistent with those of Ref.
[102], where the authors applied the same QCD sum rule
method to study both the 7 = 1/2D®x% and I =3/2 mo-
lecular states. Our results support the interpretations of
P.(4440)" and P.(4457)* [5] as the I = 1/2D*T, molecu-
lar states of J¥ =1/2" and 3/2. Again, the accuracy of
our sum rule results is not good enough to distinguish or
identify them. To better understand them, we study their
production and decay properties in the following sections,
where we find that P.(4440)* and P.(4457)" can be bet-
ter interpreted in our framework as |D*Z.;3/27) and
|D*Z.;1/27), respectively.

IV. PRODUCTION THROUGH CURRENT AL-

GEBRA

In this section, we study the production of the Dz

molecular states in Ag decays using current algebra. We
calculate their relative production rates, that is,
B(A) — P.K™): B(A) - P.K"), with P. and P, as two
different states. We refer to Refs. [103, 104] for addition-
al relevant studies.

by the LHCb in the J/yp invariant mass spectrum of
A) — J/ypK~ decays. The quark content of the initial
state A) is udb. In this three-body decay process, the b
quark first decays into a ¢ quark by emitting a W~ boson,
and the W~ boson translates into a pair of ¢ and s quarks,
both of which are Cabibbo-favored. Then, they obtain a
pair of i and u quarks from the vacuum. Finally, they
hadronize into the three final states J/ypK~.

Ag =udb — udc ¢s — udc ¢s uu — J/YypK~ . (63)

Hence, the total quark content of the final states is
udcésiu, where the intermediate states D®-** K~ and
D™ K= can also be produced.

We study the production of theD®=(" molecular
states by investigating the mechanisms depicted in Fig. 4.
Note that the u quark from the vacuum must exchange
with either the u or d quark of Ag because the ud pair of
AY is in a state of 7 =0, whereas X. and I} both have
I1=1.

As depicted in Fig. 4, the weak interaction only in-
volves the initial b quark and the final ¢¢s quarks. Hence,
by considering the quark pair produced from the vacuum
to be i +dd of I =0, the isospin of the entire process is
also conserved at 7 =0.

—>udc ¢s (au+dd)

N \/7 ()— 2(*)++K + \/g D(*)OZE")O[_{O
1 ()—y(H)+ 0 1-(*)0 ()+ pr—
- gD XK - ED XK. (64)

The four fixed isospin factors allow us to consider only
the D®-="** K~ final state because the results derived
from the D®OS* K~ final state are the same. Accord-
ingly, we only need to consider the exchange of the u
quark from the vacuum and the d quark from A, which

P.(4312)*, P.(4440)*, and P.(4457)" were observed are depicted in Fig. 4(a).
Table 1. Masses and decay constants of X;..; extracted from the currents J;...7.
) Working regions )

Currents Configuration smin/Ge V> 0/Gev? M2 /GeV? Pole (%) Mass/GeV fx/GeV® Candidate

Ji IDZ¢;1/27) 22.4 240+ 1.0 3.27-3.52 40-48 4.307210 (1.19*919) x 1073 P.(4312)*

Nz ID*2:1/27) 25.5 27.0+1.0 3.78-3.99 40-46 4.48+0:10 (224%938)x 1073 P(4457)F

J3 |D*Te;3/27) 24.6 26.0+1.0 3.51-3.72 40-46 446+011 (1.15*918)x 1073 P(4440)*

Ja |Dxy;3/27) 242 25.0+1.0 3.33-3.45 40-44 443010 (0.65*011)x 1073

Js ID*5:1/27) 26.0 27.0+1.0 3.43-3.56 40-44 4.5170:10 (1.12%% 13) x1073

Js ID*52;3/27) 253 27.0+1.0 3.69-3.98 40-48 452011 (0.85*014)x 1073

S ID*%%;5/27) 24.7 26.0+1.0 3.22-342 40-46 4.55703 (0.65*011)x 1073
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Fig. 4. Production mechanisms of the DX’ molecular states in A) decays.

Summarizing the above discussions, in this section,
we calculate the relative production rates of the D®E(”
molecular states in Ag decays by investigating three-body
AY - DW-5* K~ decays, whose mechanism is depic-
ted in Fig. 4(a). We develop a Fierz rearrangement to de-
scribe this process in Sec. IV.A and use it to perform nu-

merical analyses in Sec. [V.B.

A. Fierz rearrangement

To describe the production mechanism depicted in
Fig. 4(a), we use the color rearrangement given in Eq.
(12) twice to obtain

eahcé‘deéfg — <€eh06da + e_aecédb + eah36d0> X 6fg — Eghcé‘daé‘fe + Eegcé‘daé‘fh + e_ehgédaéfc

+ egecédbéfa + Eagc(sdb(sfe + eaegédbéfc + Egbeédcéfa + eageédcéfb + Eabgédc(sfe ) (65)

Given the initial color structure

(€™ uadpcc1[6%Eas. 1167 i pug]
we require the fifth to be

(€% ugttgc (67T qdp][6" T s 5]

which corresponds to the D®-$** K~ final state.

Furthermore, we must apply Fierz transformation
twice to (a) interchange the d; and u, quarks and (b) in-
terchange the d;, and s, quarks. Note that Fierz rearrange-
ment in Lorentz space is a matrix identity. It is valid if
each quark field in the initial and final currents is at the
same location.

The key formula is as follows:

A) ——  Jno =€ ul Cysdpb.], (66)
I Teeul Cysdyyo(1-ys)ec] X [6%27°(1-y5)s.], (67)
2 LeteuT Cysdyyp(1 - ys)eel X [6%Ea(1 = ys)se] x [68suq ], (68)
_color €567 xul Cysdyy,(1 = ys)ce X Cay” (1 =ys)se Xiigug +--- , (69)
Fierz :dp < ug - ‘W?“ X [e”g”ugCyﬂugyp(l —v5)Cc] X Cay? (1 —ys5)se Xt pyHysdy +-+ -, (70)

Fierz :dy o st x [T Cyyu,yysce] X [0 ysdy]  [60 1y55.]
ap ¢ 6 a “YulgY Ys5Ce Caysap UryssSe
a+ 75)%; T U gy ysced X 160y X 6y, ysse]
+ a+ ys)(gdlvgf’ 8"y X [Pzzze“g"u,f@y“ugcc] X [67Cy,dp ) X [6" T pypysse] +++ (71)
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1+7vs _ (1 +75)(&wp _io-vp) ( )
:+ 82 X &1 X [Hgyssa] + 162 §3 7 "ysér |Liay’ 5S4l
1+ avYp + 8apYv 1 1 2
( 75)(g8 \/y-p Sop? )( —57 Yysée — 57 ység + —g“”fs)[ﬁaypyssa] +oee (72)

A brief explanation is given as follows:

® Eq. (67) describes the Cabibbo-favored weak de-
cay of b — ¢ +¢s via the V-4 current.

e Eq. (68) describes the production of the # and u
quark pair from the vacuum via the 3P, quark pair cre-
ation mechanism.

e In Eq. (69), we apply the double-color rearrange-
ment given in Eq. (65).

e In Eq. (70), we apply Fierz transformation to inter-
change the d and u, quarks.

e In Eq. (71), we apply Fierz transformation to inter-
change the dj, and s, quarks.

e In Eq. (72), we combine the five uauyc.cqdy quarks
so that the D®~=%"** molecular states can be produced.

In the above expression, we only consider &;.7
defined in Egs. (34)—(40), which couple to the D®~x{**
molecular states through an S-wave. In reality, there may
be other currents coupling to these states through a P-
wave, which are not included in the present study, such as

1 .
o =g Pl 10 Eayeds) P CY e

aBVp k- ok
=P Dy X (73)

where P57 is the spin-3/2 projection operator with two

antisymmetric Lorentz indices,

Pyvﬂu’ _lg,upgvo—_ lgu(rgvp_'_ %O_/Jvo_ptr

32 "9 2
1 a 1 ag .V
—Zg"pyy + .8
—Zg Y¢+—g Yy (74)

The current n'”ﬁ couples to |[D*~X:**;3/27) through

O \D* 2 *33/27) = if L - pPu),  (75)

[
where u, is the spinor of |[D*"X:**;3/27). It can also
couple to another state of J© =3/2*.

Consequently, |DZ?;3/27) may still be produced in
Ag decays, although its directly corresponding current £§
(and hence J§') does not appear in Eq. (72). Additionally,
omission of the "other possible currents" produces theor-
etical uncertainties.

B. Production analyses

In this subsection, we use the Fierz rearrangement
given in Eq. (72) to perform numerical analyses. We con-
sider the isospin factors of Egs. (25) and (64) and dir-
ectly calculate the relative production rates of the
I1=1/2DWEY molecular states in A) decays. To achieve
this, we require the following couplings to K~ :

OliaayssalK™(q)) =4k »

Olitayyyssad K™ (@) =ig, fx (76)

femi

where fx = 155.6 MeV [2], and Ag = "
mg

We extract from Eq. (72) the followmg decay chan-
nels:

1. The decay of AY into [DX.;1/27)K~ is contributed
by &1 X [iiays5al-

(A)(@) | DZ51/27(q1) K™ ()

l+)/5)
u,

16 a7

~—ClAg fips,1/2-y WA (
where uxe and u are spinors of Ag and |DX.;1/27), re-
spectively. The decay constant fips .j/>-, has been calcu-
lated in the previous section and given in Table 1. The
overall factor c is related to a) the coupling of J,» to Ag,
b) the weak and 3Py decay processes described by Egs.
(67) and (68), and c) the isospin factors of Eqgs. (25) and
(64). We use the same factor ¢ for all seven D®E% mo-
lecular states. This can cause a significant theoretical un-
certainty, which is not taken into account in this study.

2. The decay of A} into [D*X.;1/27)K~ is contributed
by & X [itay*ys554].

093105-10
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(A)Q) | D23 1/27(q1) K™ (q2))
~Cifgfips.1299

xﬁAg((l +75)(§;’)—iO—VP) .(_lyvys))u, (78)

4

where u and f5.5 .1/»-y are the spinor and decay constant
of |[D*Z.;1/27), respectively.

3. The decay of Ag into |[D*Z.;3/27 YK~ is contributed
by é:%’ X [ua7p75 Sal-

(ANq) | D*2e33/27(q1) K™ (q2))
~Ciffips.3299
(1 + )( Vv —1i v )
XﬁA():( s §2P 10y )uv’

(79)

where u” and f55 .3/5-, are the spinor and decay constant
of |[D*X.;3/27), respectively.

4. The decay of A} into |D*X};1/27)K~ is contributed
by & X [iay*yssal:

(ANq) | D*2251/27(q1) K™ (q2))
~c ifo\D*z;;l/zf)L]g

1+ + 2
fino ( 75)(5’&11/6}’p gap'}’v).ggm,)u, (80)

where u and fip.5..; />, are the spinor and decay constant
of |D*X;;1/27), respectively.

5. The decay of Ag into |D*X};3/27)K™ is contributed
by é’g X [tgyyssal.

(A)g) | D*X2:3/27(q1) K (q2))
~Cifx fips3yds
1+ v + Q v
xaA;;(( Y5)(&avYp + apYv)

16

1 1
X (——7“75g”ﬁ - —V%g“ﬁ) )uﬁ, (81)

9 9

where ug and fip.5..3/»-, are the spinor and decay constant

of |D*X};3/27), respectively.

6. The decay of Ag into |[D*X*;5/27 )K"~ is contributed
by &7 X [iayy55al.

(A)q) | D*22:5/27(q1) K™ (q2))
~Cififipss2 )0
(T+y5)(gavYp *+ 8ap¥v) av
16 v

(82)

xu,\g

where u™ and fjp5..5/>) are the spinor and decay con-
stant of |[D*X7;5/27), respectively.

We find that P.(4312)*, P.(4440)*, and P.(4457)*
can be well interpreted in our framework as |DZ.;1/27),
|D*%.;3/27), and |D*Z.;1/27), respectively. Accordingly,
we assume the masses of the D®WE” molecular states to
be

Mps .12y =Mp,4312)» = 4311.9 MeV,
M ps .12y =Mp 457 = 4457.3 MeV,
M ps 32y =Mp 4440y = 4440.3 MeV,
M ps..3/2y *Mp + Ms. = 4385 MeV,
Mps.1 /2y *Mp + My = 4527 MeV,
Mps. 32y ®Mp + Ms. = 4527 MeV,

M|D*ZZ§5/27> zMD* + Mz: =4527 MeV . (83)

Now, we can summarize the above production
litudes to obtain the following partial decay widths:

amp-

T(AY = IDE )1 K7) =¢2 6.15x 1071 Gev'7,
T(A) = ID*Ec)1 0 K™) =c* 8.76 x 10712 GeV'7,
F(Ag - |D*Zc>3/27K_) =c*7.52%x107"? GeV'7,

(A} = IDE})32 K7) =0
T(A) — |D*X:)1/0-K™) =c* 3.57x 107! GeV'7,
T(A) = ID"E0)32 K7) =c> 1.38x 10712 GeV'!7,

[(A) — |D*E2)s/-K™) =0. (84)

From these values, we derive the following relative
production rates, R;(P.) = B(A2—>PCK‘> / B(Ag -
ID*Zc)3/0- K™

3(/\2 - K—(|ch>]/27 HD*E) - 11D Ee)30- 1 IDED)30- 1 IDFEN) o 1 IDFEL Y3 )0- |D*2Z>5/2))

8(/\2 - |D*2C>3/27K_)

~ 8.2 1.2 1

0 : 48 018 : 0. (85)
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V. DECAY PROPERTIES THROUGH THE FIERZ
REARRANGEMENT

We have applied the Fierz rearrangement [105] of the
Dirac and color indices to study the decay properties of
P.(4312)*, P.(4440)*, and P.(4457)* as D™, molecu-
lar states based on the currents J;..3 [76]. In this section,
we follow the same procedures to study the decay proper-
ties of the D™ molecular states using the currents Jy..;.
We study their decays into charmonium mesons and spin-
1/2 light baryons as well as charmed mesons and spin-1/2
charmed baryons, such as J/¥p and DA..

We refer to Ref. [76] for detailed discussions. This
method has been applied to study the strong decay prop-
erties of Z.(3900), X(3872), and X(6900) in Refs.
[106—108], and a similar arrangement of spin and color
indices in the nonrelativistic case has been applied to
study the decay properties of the XYZ and P, states in
Refs. [67, 69, 109—-113].

A. Input parameters

To study the decays of the D! molecular states in-
to charmonium mesons and light baryons, we must use
the (x) currents. We can construct them by combining
charmonium operators and light baryon fields, as done in
Ref. [76]. In the present study, we require couplings of
charmonium operators to charmonium states, which are
listed in Table 2. We also require loffe's light baryon
field [72-74, 114-118]

N =Ny =Ny = €P(ul Cdy)ysu, — € (ul Cysdp)u..  (86)

This couples to a proton through

OINIp) = fpup, 87

with u,, as the Dirac spinor of the proton. The decay con-
stant f, has been calculated in Ref. [119] to be

f,=0.011GeV?. (88)

To study the decays of the DX molecular states in-
to charmed mesons and charmed baryons, we must use
the n(x) and &(x) currents. These are constructed in Sec.
II by combining charmed meson operators and charmed
baryon fields. In the present study, we require the coup-
lings of charmed meson operators to charmed meson
states, which are also listed in Table 2. Furthermore, we
require couplings of the charmed baryon fields Jg
defined in Eq. (16) to the ground-state charmed baryons
B=A/Z..

(0lJ8IB) = faug. (39)

Note that we do not investigate the decays of |D™E:; J7)
into the D™X! final states in the present study because
some J =3/2 charmed baryon fields still remain unclear
[76]. The decay constants fg have been calculated in
Refs. [77-79] to be

fa. =0.015GeV?, f =0.036GeV>. (90)

These values are evaluated using the QCD sum rule

Table 2. Couplings of meson operators to meson states, where color indices are omitted for simplicity. Taken from Ref. [106].

Operators ]G jPC Mesons ]G jPC Couplings Decay constants
IS =z 00+ xco(1P) 070+ (OIS Lye0) = My fr Freo = 343 MeV [120]
1P = Giysc 070+ Me 070+ Ol ne) = Ay, Age = (fpem3 )/ 2me)
IV = eyuc 01 T/ 01 OUY Iy = mypy frip€ fijw =418 MeV [121]
e 0t0 O ne) = ipufy, =387 MeV [121
If} :E'y;,)/5c or1+t . # I ‘ﬁh ¢ [ ]
Xet(1P) 01+ Ol e} = my,, fror & fr =335 MeV [122]
I 01 OULNIW) =if],, (Pu€s — Prey) T =410 MeV [121]
IHTV:E'O'WC 0 1% , o I
he(1P) 0-1*" Ol lhey = lf}lfepvaﬁfapﬁ £ =235 MeV [121]
05 =¢q o+ D; o+ (010°1Dg) = mpy fo fop =410 MeV [123]
OF = ¢iysq 0 D 0" (0|OP|D) = Ap Ap = (fpmb)/(me +myg)
O} =&vuq 1- D* 1- (010)/ID*) = mp+ fpr e, for =253 MeV [124]
i b 0 (01011D) = ipufp fp=211.9 MeV [2]
04 = eyuy5q 1+ _ .
D 1+ (0l0A\D1y = mp, fp, & fp, =356 MeV [123]
D* 1- (OIOLID*) =ifL. (pu€& — pren) T ~
O =00 " D) = s~ s I <20 MeY
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method [81, 82] within heavy quark effective theory
[83—85], while the full QCD decay constant f, for the
proton has been given in Eq. (88). These two different
schemes cause some, but not significant, theoretical un-
certainties.

B. Fierz rearrangement

In this subsection, we perform Fierz rearrangement
separately for n4.7 and &;.7. The obtained results are
used later to study the strong decay properties of the DX}
and D*Z; molecular states.

First, however, we note again that Fierz rearrange-
ment in Lorentz space is actually a matrix identity. It is
valid if each quark field in the initial and final currents is
at the same location, for example, we can apply Fierz re-
arrangement to transform a non-local current
n = [e(x)u(x)] [u(y)d(y)c(y)] into a combination of many
non-local currents 0 = [¢(x)c(y)] [u(y)d(y)u(x)] with all the
quark fields remaining at the same locations. Keeping this
in mind, we omit the coordinates in this subsection.

I. n—o0andé—0

Using the color rearrangement [76]

1

6abecde 5 5ae€bcd _ % /lilzeebcf/lﬁd + % /lzeebdf/lgc ’ (91)

along with Fierz rearrangement to interchange the u;, and
¢, quark fields, we can transform an # current into a com-
bination of many 6 currents.

_ 1 i
UZ H[Cayyca] (_S_Zgaﬂ - %UQ#)N

1 i
+ [Cayuyscal (—3—2g""ys - %0“”75)N

48 96
T (92)

i 1
+ [an-yvca] (—g(w)’v + _EtmvapYS) N

1 1
ns —+ g [Cacal 75N+ g [EaYSCa] N

1 1
+ E [CaYuCal Y'ysN — E [CaYu¥5Cal YN

1
+ — [an— yC ]O—ﬂVYSN+""
48 pra (93)
[bIng —[CaVucal ig"*‘+ la"“ N
6 THasnral 3 32
+[c 3 e, Na -
aYuY5Cal 28 VTR + e
%94)

1 1

i Q vV} Q, 4 Q v
U?ﬁ*(mU‘)Eﬁ“p+ﬁg”Uﬁys—mgﬁ0’” ¥s)
X [CaopyCal N+---.
(95)

In the above expressions, we keep all color-singlet-color-
singlet meson-baryon terms depending on the J=1/2
light baryon fields but omit a) the color-octet-color-octet
meson-baryon terms, such as [A%Z,c.][€?f X upucdy],
and b) terms depending on the J = 3/2 light baryon fields.

Similarly, we can use Eq. (91) along with Fierz re-
arrangement to interchange the dj, and ¢, quark fields and
transform a & current into a combination of many @ cur-
rents.

Y = 1 Q) i (04
\/5.3’54 e[cuyﬂca](ﬁg 4 Eo— #)N

— l ) 1 Q
+ [Ctﬂ’#?’SCu](Eg Hys + T “75)N

_ i 1
+ [Cao-/wca] (__gayyv - &eaﬂvp’)’p')/S)N

24
+ LK
(96)
1 | .
\/ESS - Z [Caca] YSN_ Z [CaYSCa] N
1 1
~ g [Cavucal Y'ysN + ¢ [Cavuysca v'N
1
- ﬁ [an—yvca] 0’”V75N+ Tt
97
3 i
\/Efg H[anyca] (_Egm‘ - EUQ#)N
= 3 on U o
+ [Ca¥uyscal ( 68 5T 1T Vs N
T (98)
o5 i 1
\/557 —>( - 7—20'“peB“Vp - %g"”a’ﬁ")@
1
+ ﬁgaﬁo_yvys) [Eaa—,uvca] N+---. 99)

2. nonandn— &
Using the color rearrangement
6abEcde

1 e U s sarafe U ae bor
= 3 0“2 A AL+ 5 e A%, (100
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along with Fierz rearrangement to interchange the u;, and
u. quark fields, we can transform an # current into a com-
bination of many # currents.
Using another color rearrangement
1 1 3
6ab€cde :5 6ad6cbe + E /lzdfbcf/lf;e

1 .
-3 A0 ebef pe (101)

along with Fierz rearrangement to interchange the u;, and
dy; quark fields, we can transform an # current into a com-
bination of many ¢ currents.

Overall, we obtain

772 — (1_6ga/,u &Oﬂﬂ) [EaYuua] A:

1

Qo _UVpo

+(@ 128

+ ﬂo—a"'fﬂ"ﬂ‘f - ﬁeaﬂ"ﬁ
384 128
X [an-yvda] ‘Yp‘y522—+ teee,

E(va) [Ea Ouy ua])’p)’S Ez—

(102)

1 1
15 == 7 [Caysital A7 - 48 [an'w"‘a] T ysAe

1
[Ca)’p.ua] 'y'u'YSZ +

32 [Ca7ﬂ75ua] Y Z
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In the above expressions, we keep all color-singlet-color-
singlet meson-baryon terms depending on the J¥ =1/2*
charmed baryon fields, that is, Jo. and Js.- defined in
Egs. (16). However, we omit a) the color-octet-color-oct-
et meson-baryon terms and b) terms depending on the
J =3/2 charmed baryon fields.

3. &-07

Using Egs. (100) and (101) along with Fierz re-
arrangement in Lorentz space, we can transform a & cur-
rent into a combination of many # currents (but without &
currents).
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24
1
—_gYTHVPT _ ___ cauvp
" ( 1927 64 )
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C. Decay analyses

Based on the Fierz rearrangements derived in the pre-
vious subsection, we now study the strong decay proper-
ties of the D®YL** and D®~X*** molecular states. As an
example, we first investigate |D°Z!+;3/27) through the 74
current and Fierz rearrangements given in Egs. (92) and
(102). Others are similarly investigated. The obtained res-
ults are combined in Sec. V.D to further study the DX
molecular states of 7 =1/2.

L. m—6/n/¢

As an example, we investigate |[D°Z:*;3/27) through
the n4 current and Fierz rearrangements given in Egs.
(97) and (107).

First, we study Eq. (92). As depicted in Fig. 5(a),
when the ¢, and ¢, quarks meet and the other three
quarks meet simultaneously, [D°Z:*;3/27) can decay into
one charmonium meson and one light baryon.

[6”b Ca ub] [ECde ucddce]

1

color 56"6 ebed

Callp UedgCe + -

1
Fierz = [6%C,c.] [ethucddub]+---.

3 (110)

In particular, we must apply Fierz rearrangement in the
first and third steps to interchange both the color and Dir-
ac indices of the u;, and ¢, quark fields.

The above decay process can be described by the
Fierz rearrangement given in Eq. (92), from which we ex-
tract the following two decay channels that are kinematic-
ally allowed:

1. The decay of |[D°Z:*;3/27) into n.p is contributed
by [anu'}/SCa]N'

(a)n—0

(b) n —=n

(D°2:33/27(9) I me(q1) p(q2))
. _ 1 i
~ay ify fpdy 0 (—3—2gaﬂs - %Gaﬂys)up,

(111)
where u, and u, are spinors of |DOZZ+;3/2‘) and the pro-
ton, respectively. a4 is an overall factor related to the
coupling of 54 to |[D°Z:*;3/27) and the dynamical pro-
cess of Fig. 5(a).

2. The decay of |DOZ:+;3/2‘> into J/yp is contrib-
uted by both [¢,y,c.IN and [¢,0 ¢ IN.

(D°%2*33/27 (W [w(qr, €) p(qa))
| .
a4 m]/z//f]/z//fpej; u® (_igtm - 9_160'ay)up
+asiffyfo (diel - i)

1 1
Xua(ﬁgay')’v"‘ 9_65(1;4vp')’p75)up' (112)

Subsequently, we study Eq. (102). As depicted in Fig.
5(b), when the ¢, and u. quarks meet and the other three
quarks meet simultaneously, [D°Z:*;3/27) can decay into
one charmed meson and one charmed baryon. Similarly,
we can study the decay process depicted in Fig. 5(c).
These two processes can be described by the Fierz re-
arrangement given in Eq. (102), from which we extract
only one decay channel that is kinematically allowed:

3. The decay of |D%:*;3/27) into D*°A} is contrib-
uted by [CoyuualAJ:

(D°%:*:3/27(q) | D g1, e1) Ab(g2))

of 1 i
~by mDny‘fA(ejllu (Eg(w+&(rw)u,\(, (113)

S|

d

(c)n—¢
Fig. 5. (color online) Fall-apart decays of the D*°s* molecular states investigated using the # currents. There are three possible de-

cay processes: a) n— 6, b) n -, and ¢) n— £. Their probabilities are the same (33%) if only considering the color degree of freedom.
Taken from Ref. [76].
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where u,_ is the Dirac spinor of A}. by is an overall
factor related to the coupling of 54 to |[D°Z:*;3/27) and
the dynamical processes of Fig. 5(b, ¢).

Assuming the mass of |D°Z:*;3/27) to be approxim-
ately Mp + Ms. ~ 4385 MeV, we summarize the above de-
cay amplitudes to obtain the following partial decay
widths:

[(D°Z;3/27) — nep) =a2 42 GeV',
L(D°%:*;3/27) — J/wp) =a5 60 GeV',
[(D°%:*:;3/27) = DOAY) =b5 1.5%x 10 GeV' . (114)
There are two different terms, A =[¢,y.c,/N and
B = [Cq0vcqIN, both of which can contribute to the de-
cay of |D%’*;3/27) into J/yp. Their individual contribu-
tions are

T(D°%;":3/27) - J/yp)|, =a; 1.0x10* GeV’,
T(D°%;":3/27) — Jjup)|, =a; 1.1x10* GeV'.  (115)
Hence, their contributions are at the same level but al-
most cancel each other out, suggesting that their interfer-
ence is important. However, the phase angle between
them, that is, the phase angle between the two coupling
constants fj, and fJT/ »» cannot be well determined in the
present study. We investigate its relevant (theoretical) un-
certainty in Appendix B.

2. & -0/

To study |D™X}**;3/27), we use the &4 current and
Fierz rearrangements given in Egs. (96) and (106). As-
suming its mass to be the same as that of |D°X’*;3/27),
we obtain the following partial decay widths:

T(D™Z33/27) — nep) =a2 84 GeV',
L(D™Z:%33/27) — J/yp) =a2 120 GeV',

(D™ 2:7*:3/27) — DOAY) =b3 3.0x 10* GeV’ . (116)

Here, we use the same overall factors a4 and b, as those
for the n4 current.

3. ns—>0/n/¢

To study |D*%:*;1/27), we use the 55 current and
Fierz rearrangements given in Eqgs. (93) and (103). As-
suming its mass to be approximately Mp. + Ms. ~ 4527
MeV, we obtain the following partial decay widths:

(D% ;1/27) — nep) =a3 3.3 x10° GeV’,
L(D*L:*;1/27) — J/yp) =a2 1.0x 10* Ge V7,
L(D™E*:1/27) = xeop) =a3 3.2x 10° GeV’,
(D% :1/27) = xep) =a2 1.1x 10° GeV’,
T(D*%:*;1/27) = hep) =a3 220 GeV',
T(D*%:*;1/27) — D°A) =b3 3.5x 10° GeV’,
L(D*z:*;1/27) —» DOAY) =b2 1.6 10* Ge V',
L(D*%:*;1/27) — D)) =b2 1.4 x 10* GeV’,
T(D*%:*;1/27) — D™E}) =b3 2.9x 10* GeV’,
r(D*z:*;1/27) - DO%!) =b2 3.3x 10* Ge V7,
C(D™%*;1/27) » D) =b2 6.6 x 10* GeV’,  (117)

where as and bs are two overall factors.

To study |D*~%:**;1/27), we use the & current and
the Fierz rearrangements given in Egs. (97) and (107).
Assuming its mass to be the same as that of
|D*0%*:1/27), we obtain the following partial decay
widths:

L(D*"X:**;1/27) = n.p) =a3 6.5% 10° GeV’,
C(D*"Z:4*51/27) — J/yp) =a% 2.1x 10* GeV’,
C(D*Z51/27) = xeop) =a2 6.4x10° GeV’,

(D" X5 1/27) = xerp) =a2 2.1x10° GeV',

T(D*"X:**;1/27) — hep) =a3 450 GeV’,

T(D*"X:**;1/27)y — D°A}) =b3 7.0x 10° GeV’,
(D" Z:**:1/27) — D*AY) =b% 3.1x 10* GeV’,

(D™ X:*51/27) — D)) =b2 2.9x 10* GeV’,
(DX *:1/27) —» D%}) =b% 6.6 x 10* GeV’.  (118)

5. ne—0/n/¢

To study |D*0%:*;3/27), we use the 5 current and
Fierz rearrangements given in Eqs. (94) and (104). As-
suming its mass to be the same as that of [D*0X**;1/27),
we obtain the following partial decay widths:

T(D*%:*;3/27) — nep) =ag 750 GeV’,
T(D™%*;3/27) — J/yp) =ag 1.2x 10° GeV’,

L(D*L:*;3/27) = xeop) =az 960 GeV’
(D™%:*;3/27) — DOA) =b; 4.5x10* GeV’,
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[(D*%:*;3/27) — D) =b2 36 GeV',
(D™%:*;3/27) — D) =b2 71 GeV’,
T(D%:*;3/27) — D%}) =b} 4.3 x 10* GeV’,

[(D*%:%;3/27) — DX ") =b% 8.7x 10* GeV’,  (119)

where ag and bg are two overall factors.

6. §6 e 9/7]

To study |D*"2:**;3/27), we use the & current and
Fierz rearrangements given in Egs. (98) and (108). As-
suming its mass to be the same as that of |D*0X’*;1/27),
we obtain the following partial decay widths:

T(D*"X:**;3/27) — n.p) =ag 1.5x 10° GeV’,
T(D*"X:**;3/27) — J/yp) =a% 2.3x10° GeV’,
C(D*Z53/27) — xeop) =a2 1.9x 10° GeV’,

(D" ;327 —» DOA}) =b7 9.1x 10* GeV7,
(D" X:**:3/27) — D%F) =b7 71 GeV',
(D" Z:;3/27) — DO%F) =b2 8.7x 10* GeV’.  (120)

7. m7—0/n/é and & — 67

To study |D*°X’*;5/27), we use the 77 current and
Fierz rearrangements given in Egs. (95) and (105);
however, we do not obtain any non-zero decay channels.
This state probably mainly decays into spin-1 mesons and
spin-3/2 baryons, such as J/¢N* and D*X’. However,
these final states are not investigated in the present study.
The same results are obtained for [D*~X}**;5/27).

D. Isospin analyses

In this subsection, we collect the results calculated in
the previous subsection to further study the decay proper-
ties of the DX molecular states with 7= 1/2.

Combining the results of Sec. V.C.1 and Sec. V.C.2,
we obtain the following partial decay widths for
|DE2;3/27) of I=1/2:

[(DZ};3/27) — nep) =a 130 GeV’,
[(DX};3/27) — J/wp) =a? 180 GeV’,

[(DX:;3/27) —» DOA}) =b3 4.5x10* GeV'.  (121)

Combining the results of Sec. V.C.3 and Sec. V.C.4, we
obtain the following partial decay widths for |[D*X};1/27)
of I=1/2:

[(D*X:;1/27) > nep) = a2 9.8x10° GeV’,

L(D*X1/27) — J/yp) =a2 3.1x 10* Ge V',
C(D*X:51/27) = xeop) =a% 9.5x 10° GeV’,
T(D"E:51/27) = xep) =az 3.2x 10° GeV’,
[(D*X;1/27) = hep) =d% 670 GeV’,
[(D*x;1/27) — DOAY) =b% 1.1x 10° GeV’,
[(D*%;1/27) — DOA}) =b% 4.7x10* GeV’,
[(D*%:;1/27)y — D%F) =b% 4.8 x 10° GeV’,
T(D*X:;1/27) —» D™E}*) =b3 9.6 10° GeV’,
[(D*z:;1/27) — D) =b2 1.1 10* Ge V7,
T(D*%:;1/27y — D) =p22.2x 10° GeV'.  (122)

Combining the results of Sec. V.C.5 and Sec. V.C.6, we
obtain the following partial decay widths for |D*X*;3/27)
of I=1/2:

[(D*;3/27) = nep) =aZ 2.2x10° GeV’,
T(D"X:;3/27) — J/yp) =ag 3.5% 10° GeV’,
L(D*%3/27) = xeop) =az 2.9% 10° GeV’,
[(D*%;;3/27) — DOAY) =b% 1.4x10° GeV’,
[(D*x;;3/27) — D) =b2 12 GeV’,
[(D*%;;3/27) — D™E*) =b2 24 Ge V',
[(D*%;;3/27) — DO5) =b 1.4x 10* Ge V',
[(D*%:;3/27) — D) =p22.9%x 10° GeV'.  (123)

We do not obtain any non-zero decay channels for
|D*%%;5/27) of I=1/2. This state probably mainly de-
cays into spin-1 mesons and spin-3/2 baryons, such as
J/YyN* and D*X;. However, these final states are not in-
vestigated in the present study.

The decay properties of the DX, molecular states have
been investigated in Ref. [76], including |DZ.;1/27),
|D*%.;1/27), and |D*%.;3/27). There, we used them to ex-
plain P.(4312)*, P.(4440)*, and P.(4457)", respectively.
However, we find that P.(4440)* and P.(4457)* can be
better interpreted in our framework as |[D*Z.;3/27) and
|D*X.;1/27), respectively/inversely.

Accordingly, we assume the masses of |[DZ.;1/27),
ID*S.;1/27), and |D*E.;3/27) to be Mp aziay =4311.9
MCV, Mp((4457)+ =4457.3 MCV, and Mp((4440)+ =4440.3
MeV, respectively. Recalculations are performed, and we
summarize the results here. Note that a) some errors were
detected in the results of Ref. [76] when calculating
I(D*Z.;1/27y — J/yp), and b) different notations are
used here for the overall factors.

For |DZ.;1/27) of I =1/2, we find

[(DZ;1/27) — nep) = a3 3.2x 10° GeV’,
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T(DZ;1/27) — J/yp) =a3 8.5x 10* GeV’,

[(DZ;1/27)y — DA} =b? 5.9x 10 GeV’.  (124)

For |D*X.;1/27) of I =1/2, we find

[(D*%:;1/27) — nep) =a3 1.8 x 10° GeV’,
(D' 1/27) — J/yp) =a3 5.1x 10° GeV',
L(D*2:;1/27) — xeop) =a3 8.0x 10° GeV’,
[(D"%:;1/27) — xe1p) =a3 200 GeV’,
[(D"X:;1/27y — D°A}) =b5 1.7 x10° GeV’,
[(D*X.;1/27)y — DA} =b5 6.0 10° GeV’,
[(D*%;1/27) — D)) =b3 5.9x 10* GeV',

[(D*Z;1/27y — D7) =b3 1.2x10° GeV'.  (125)

For |D*X.;3/27) of I =1/2, we find

[(D*%:;3/27) = n.p) =a3 670 GeV’
[(D"%:;3/27) — J/yp) =a3 1.4x 10° GeV’,
[(D*%.;3/27) — D*A}) =b3 4.6 x 10* GeV’,

[(D*%.;3/27) — D}) =b% 1.4 GeV’,

[(D*%;3/27) — DX ") =b3 2.7 Ge V. (126)

We use the above partial decay widths to further de-
rive their corresponding relative branching ratios. The ob-
tained results are summarized in Table 3, where a new
parameter ¢ =b?/a? (i=1---7) is introduced to measure

which processes occur more easily, the process depicted
in Fig. 5(a) or the processes depicted in Fig. 5(b, c). We

Table 3.

2rd-12th columns, we show the branching ratios relative to the J/yp channel, such as

discuss these results in Sec. VI.

VI. SUMMARY AND DISCUSSIONS

In this paper, we systematically investigate the seven
possible D™= hadronic molecular states of I = 1/2, in-
cluding DE. of JP=1/27, D*'T. of JP=(/2)7/
(3/2)", D of JP=3/27, and DT of JP=(1/2)7/
(3/2)7/(5/2)".

First, we systematically construct their corresponding
interpolating currents and calculate their masses and de-
cay constants using QCD sum rules. The results are sum-
marized in Table 1, supporting the interpretations of
P.(4312)", P.(4440)*, and P.(4457)* [5] as the DX, and
D*Z. molecular states. However, the accuracy of our sum
rule results is not good enough to distinguish or indentify
them. To better understand them, we further study their
production and decay properties. The decay constants fx
extracted using QCD sum rules are important input para-
meters.

Second, we use current algebra to study the produc-
tion of DXL molecular states in A) decays. We derive
the relative production rates

B(A) - P.K")
B(A(b) - |D*EC>3/27K_) '

Ri(P,) = (127)

and the obtained results are summarized in Table 3.
Third, we use the Fierz rearrangement of the Dirac
and color indices to study the decay properties of the
D™’ molecular states, including their decays into char-
monium mesons and spin-1/2 light baryons as well as
charmed mesons and spin-1/2 charmed baryons, such as
J/wp and DA.. We calculate their relative branching ra-

Relative branching ratios of the D®x{” hadronic molecular states and their relative production rates in AY decays. In the

B(Pc—1cp)

#p775p i the 3rd column. The parameter

t=b?/a? (i=1---7) is introduced to measure which processes occur more easily, the process depicted in Fig. 5(a) or the processes de-

picted in Fig. 5(b, c). In the 13th column, we show the ratio R;(P.) = Z

_ BN —PK~—>J/ypK™)
Ra(Pe) = BNISID*S, )y - K-> I [ypK) |
into, such as the J/yN* and DX} final states.

B(A)—PK”)

———0t 7 and in the 14th column, we show the ratio
B(A)ID* Ty - K7)

To calculate R,, we a) simply assume 7 =1 and b) neglect all the spin-3/2 baryons that P. can decay

Decay channels Productions
Configuration
Jlgp TP XopP  Xxap  hep  D°AY DAY D°:xf DIt pOst DI Ry Ry
|DZ:;1/27) 1 3.8 - - - - 0.69¢ - - - - 8.2 2.0
|D*Zc;1/27) 1 0.35 0.016 1074 - 3.4¢ 1.2¢ 0.12¢ 0.23¢ - - 1.2 0.25
|D*%:;3/27) 1 0.005 - - - - 0.34t 1075¢ 1075¢ - - 1 1
|DX;;3/27) 1 0.70 - - - - 250t - - - - - -
|D*%;1/27) 1 31 0.30 0.10 0.02 34¢ 1.5¢ 0.15¢ 0.30¢ 0.35¢ 0.70¢ 4.8 0.09
|D*2%;3/27) 1 0.006 - 0.008 - - 0.39¢ 107%¢ 10747 0.04¢ 0.08¢ 0.18 0.16
ID"%;35/27) - - - -
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tios, and the obtained results are also summarized in
Table 3. The parameter ¢ = b?/a? (i =1---7) is introduced
to measure which processes occur more easily, the pro-
cess depicted in Fig. 5(a) or the processes depicted in
Fig. 5(b, c). Generally, the exchange of one light quark
with another light quark may be easier than its exchange
with a heavy quark [125]; therefore, it can be the case
that £ > 1.

In Table 3, we simply assume ¢ =1 to further calcu-
late the ratio R; in the J/¥p mass spectrum, that is,

B(A) — P.K~ — J[ypK~)
B(A) = |D*Ze)3p K~ — J/ypK™)

Ro(Pc) = (128)

To calculate this ratio, we neglect all spin-3/2 baryons
that P, can decay into, such as the J/yN* and DX} final
states.

Before drawing conclusions, we would like to note
the following:

e When studying the masses and decay constants of
the D®E molecular states using QCD sum rules, we
calculate two-point correlation functions at the quark-
gluon level as inputs, whereas the masses of charmed
mesons and baryons at the hadron level are not used as
input parameters. Accordingly, the uncertainty/accuracy
is moderate but not sufficient to extract the binding en-
ergy. This means that our sum rule results can only sug-
gest but not determine a) whether these D®= molecu-
lar states exist, and b) whether they are bound or reson-
ance states. Instead, we must assume their existence. We
may then use the extracted decay constants to further
study their production and decay properties.

e When studying the relative production rates of the
D™ molecular states in Ag decays using current al-
gebra, we only investigate the hidden-charm pentaquark
currents that can couple to these states through an S-
wave, that is, J;..; defined in Egs. (26)—(40). There may
be other currents coupling to these states through a P-
wave, which are not considered in the present study. Ac-
cordingly, |DX?;3/27) and |D*Z};5/27) may still be pro-
duced in Ag decays through these "P-wave" currents.
Note that their omission produces theoretical uncertain-
ties.

e When studying the decay properties of the D™WE!
molecular states via Fierz rearrangement, we consider the
leading-order fall-apart decays described by color-singlet-
color-singlet meson-baryon currents but neglect the O(ay)
corrections described by color-octet-color-octet meson-
baryon currents; therefore, there may be other possible
decay channels. Moreover, we do not consider the

light/charmed baryon fields of J = 3/2; hence, we cannot
study their decays into the J/wN* and DX} final states.
However, we keep all light/charmed baryon fields that
couple to the ground-state light/charmed baryons of
JP =1/2%; hence, their decays into these final states are
well investigated in this paper.

Now, we can discuss our uncertainties. The uncer-
tainty on our QCD sum rule results is moderate, whereas
the uncertainties on the relative branching ratios as well
as the two ratios R; and R, are significantly larger. In the
present study, we work under the naive factorization
scheme; therefore, our uncertainties are significantly lar-
ger than those of the well-developed QCD factorization
scheme [126—128], whose uncertainty is at the 5% level
when investigating conventional (heavy) hadrons [129].
However, in this paper, we only calculate the ratios,
which significantly reduces our uncertainties. Accord-
ingly, we approximately estimate the uncertainty on the
relative branching ratios to be at the X*00% level. Owing
to the omission of the "P-wave" pentaquark currents, the
uncertainty on the ratio R, is approximately estimated to
be at the X*2%%% level. We further estimate the uncer-
tainty on the ratio R, to be at the X*31% level (or even
larger due to the assumption that 7 =1 and the omission
of the spin-3/2 baryons that P, can decay into).

Finally, we can draw conclusions using the results
summarized in Table 3. The LHCb experiment [5] dis-
covered P.(4312)*, P.(4440)*, and P.(4457)" and, at the
same time, measured their relative contributions R =

B(A) - PIK)B(P; = J/up) | B(A) - J/ypK™) to be

R(P.(4312)") =0.30+0.07*) 33 %,
R(P.(4440)") =1.11£0.33010%,

R(P:(4457)%) =0.53 £0.16")13%, (129)
from which we can derive
R(P:(4312)*") —0.27+032
R(P.(4440)+) —~ 014>
R(P(445T)) = 4025
ROP-440)) =0.4870%. (130)

These two values are approximately consistent with our
results,

Rao(IDZ51/27))

— ~2.0,
Ro(ID*Ee33/27))

Ro(IDZ51/27)) =

RolD'2:1/27) 2s.

Ro(ID"Zc;1/27)) “RD 53y

(131)
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given that their uncertainties are approximately at the
X*300% level.

Therefore, our results support the interpretations of

P.(4312)*, P.(4440)*, and P.(4457)* as DT, of JP =

1/27, D%, of JF =3/27, and D*Z. of J¥ =1/27, respect-
ively. For completeness, we also investigate the interpret-
ations of P.(4440)* and P.(4457)* as the D*T. molecular
states of J¥ =1/27 and 3/2, respectively, and the res-
ults are given in Appendix C.

Our results suggest that the D*X} molecular states of
JP =1/27 and 3/2~ may also be observed in the J/yp in-
variant mass spectrum of Ag — J/ypK~ decays, and their
relative contributions are estimated to be

B(A) = |D*Ep) 12 K~ — J/ypK™)

B(A) — J/ypK~)

~0.1%,

B(AY — |D*Z2)32 K~ — J/ypK™)
B(A) — J/ypK~)

Their relative branching ratios to the n.p, xcop, Xcip,
hep, D°A}, DA}, D°SF, DX, DS, and DX} fi-
nal states are also given for future experimental searches.

~0.2%.

(132)

APPENDIX A: SPECTRAL DENSITIES

In this appendix, we list the spectral densities p;..7(s)
extracted for the currents J;..7. In the following expres-
sions, F(s)= [(a +B)m? — aﬁs] JH(s) = [m? —a(l- a)s],
and the integration limits are @, = (1— +/1-4m?/s)/2,
Umax = (1+ V1 _4m%/s)/23 Brin = (amg)/(as—mg), and
Pmax =1 —a

The spectral density p;(s) extracted for the current J;
is

G G G
1(s) =m, (P?Zn(s) + p<qq>( )+ p<ac>( )+ p<q D (5)+ p<qq> (s)+ p<qq><q 9 (5)+ p<q 9y (s)+ p<qq> ( s))

G G G
+ é (pPen(s)+p<‘1‘1>(s)+p<GG>(s)+p<q q>(s)+p<11’1> (S)+p<‘1‘1><q q>(s)+p<q q)° (S)+p<6111> (S)) ,

b

—a-py
768 6 3[3%

1b

where

13(1—a-pB)>

W max Brnax
Pra (5)= f da f dﬁ{ﬂs)sx
Win Brin
@ ~ _ amd Brnax »
o, (8) =mqq) o A dByF (s)” x

98304078a° B4

(AT)

h

13(1-a-B)*(* +°)

p99(s) = (£2GG) f do f {f"f’(s)zx

1179648n8a°5*

(@+B-1)(80a° + 222068 - 79) + r (286> - 278~ 1) - 26(8 - 1)3)

+F(s)> x

2359296m8a33

(1-a-p)(14e® +2a(158-7)+ (B~ 1)B)

}

GGa oy _ _ RO B ,
P1la (s)= mc(gsqa'Gq) da dB{ F (s)2 x

(5) = (@q)? f da f@ {‘f(s) x——2

@ay -29

pla

GaXaGa) ; ~ _ /5 _ max B

=

52a% =75 +29

Y ax
(qGq)’ _ 2
- (g,G0G d
Prg " (8) =(gsqo q>{fam a{ 7238
13
(Gq)
P (5) = melgig)? f A d“{zgs 2}

13(1 -a-pB)°
491520784 3%

o= e [ a8{7 (57 x

15367%a28 [

sz |

h

819275a333
~298 55
L+ H()X ———,
3072 z 2,8} () 30727r4a}

-13
6144na

1 2
2 _ e
L da{mcé(s a(l—a))x }},
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o B -29(1-a—pB)?
GD (N — o (7 X
Py (s)—mc(qq>f; daf dﬂ{?-(S) X 12288702233 }’

13(1-a—p)*(® +4°)

pi57(5) = (3GG) f do f dﬁ{ O X s

@+~ 1)(167a + (2236 - 166) + 805> - 795 - 1)
2359296783 } ’

+F(s)° x

o - , (1-a-p)(1100? + (2178 - 110)+3(8 - 1)B)
A0 = mlg.aoGy) [ da fﬁ dﬂ{ﬂs) x }

327681%a%33
pi?f” (s) = (gq)* f da f@ “ dﬁ{’f (s)? ><96 ) /3}

nnnnn

(@9)aGg) - — 155 ol
Pp 9 =9)8:40Ga) | d“{ fﬁ ‘w{ﬂ) 30727r4 ,B} ﬁ(s)xsonﬁt}’

, 2 2
Gar o [ (30a%-40a+15 f 2 m; -5
= (2,G0G do{ ———M ~ L4 d Ofs— )

W 13a
@a)’ ;o _ = \3
Py () =mqq) i da{ 5762 }

xxxxx

The spectral density p»(s) extracted for the current J; is

02(5) =me (szn(s) " p<qq>( 5)+ pzaG>( 5)+ p<qu>( 5)+ p<qq> (s)+ p<qq><qu>( 5)+ p<qu> (5)+ p<qq> ( s))

4 (o0 4050 &+ 575 4057 905 (95T ) 4057 ) 4050 9), )

where

W nax Brmax 3
pert 5 (1 - —ﬁ)
= d P
P2 ) f afp dﬁ{ﬂ” " 191527805
W ax Brnax -13(1-« —,8)2
(Gq) _ . 3
P =meta) [ da fﬁ dﬁ{ﬂs) x W},

5(1—a—p)>*(? +4°)
G6) 2 2
P35 (s) = (82GG) f da fﬂ " dﬁ{ T X o o g

(1—a—/3)(32a —?(168+31) +a(-148>+ 158 — 1)+ 10(8— 1)*B)
589824n8a 33 } ’

Yo Binax —— —
P50 (5) = m (5,30 Gg) f da f dﬁ{ﬂv)zx“ a—p)23a + 28 2)},

40967T6Q3ﬁ2
(qq)’ (S) < >2f da jAﬁ {‘f‘— (S)2 5 }
FZa q4 1927 4 2[;

B Ta-208 11
(GaXaGq) ~ = d3{F ———— ¢+ H
= sqo G d(Y ’
Paa (5) =(q4)(8,47Gq) fa { j[; { (5)x 153671402,8} tH()X 512n%a }

@ (26a% — 53 +20 ! mg -13
(aGqy’ ~ 2 2 c
= [0 G d d m 6 -
P (8)=(8:q0Gq) {L‘m a{ 614474 a } i fo a{ ¢ (s a(l- oz)) X 6144714&}}’
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23
(qq)’
P80 (5) = melgig)? f d“{l 44ﬂ2}

pert Fmax 1 S M
B (s) = f ““““ da f dﬁ{?-'(s) x245760ﬂga4ﬁ4},
-5(1 —a—B)>?
P%‘I)(s) mdqq)f daf {77(S)3X15(3T2;22},
23(1—a-B8)*(a +8°
prG>(S) (ngG>f daff dﬂ{ 27:(5‘)2 (I-a-p) (a ﬁ)

294912784 3%
(1-a-p)(a?-a(118+1)-24(3— 1)B)
196608780383 } ’

+F(s)> x

GG to = | s [ 2 13(1—a—,3)}
Py " (8) = m(gsqoGq) f da f {¢ (s) X 30965505 |’

@ oy =02 [ 2,13
Pop () =<qq) famm daj[:; dﬁ{T(S) X3847T4a'ﬂ}’
B _248 47
<qq>(qu>
(s)= <6161><gsqchq>f da{fﬁm dﬂ{T() 1536714 ﬁ} +H(s) X 1536ﬂ4}’
@Gare o of [ (4202 —6la+24 fl o m -7
P’ (5) = (85G0°G) { fa d“{ FvE=a G N Ll Swr eyl ey § £

e Sa
@9 oy — = \3
Py (s) = mqq) L\m da’{ 14472 }

The spectral density p3(s) extracted for the current J5 is

03(s) =me (pgzn(s) +p<qq>(s) +p<GG>(s) +p<qu>(s) +p<qq> (s) +p<qq><qu>(s) +p<qu> (5) +p<qq> (s))

+ é (pgzrt(s)+p<’1‘1>(s)+p3b0>(s)+p<qG‘1>(s)+p<‘1‘]> (S)+p<‘1‘1><’1G‘1>(S) +p<qu> (S) +p<qq> (S)) , (A3)

where

e B T -a-p)>(@+p+4)
pert _ 5
P 9 _f a@ fﬁ dﬁ{ﬂs) X T39321600 a3 }

(Ymm

- .
pé’f’>(S)=mc<67q> " da f dﬁ{ﬂ ¥ Ul ) (8a/+8,8+157)}’

‘‘‘‘ 147456750333
T(1-a-pPa+p+4)(® +5°)
GG) 2 2 2
P (9= (s, GG>f dafﬁ { T ()X 47185927853
530° + (5308 - 464) + 4507 (2282 — 168+ 17) + 700 (8% - 35% - 5)
+F ()’ %
283115527853

a(B—1)? (567 + 148—4) - 42(B— 1’B(B+4)
i 283115527503 )}
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, (1=a—p)(4207 + (508 +311) + 86 + 145-22)
) 1966087°a352 } ’

‘min

SO 2 4ol
Py, (8)=<aq) f da f {ﬂ) i }

s B > ~ _
Pﬁ“@%9=@M&®G®f d%f Wﬁ?@x*1+mw 11288) %ﬂ%+n}

737287428
935
+(G9)(8:30Ga) f da{m)x—},

737287 a
. ﬁ 2

@Gy oy @-968 | 54607 — 1079 +480

— (6,30G d
Pra (9)=(8:40G) fy “{ {73728774(1 T 20m127%

_455
+{g,qoG 2 X ,
(8597 q> { ( a/(l—a/)) 294912n4a}
9

(qq)’
P () = me(gq)’ f da{256ﬂ2}

: 90 ~a—p)a++2)
pert _ 5
P (s)_fam dafﬁm dﬁ{ﬂs) *TTBI0208a 8

s 5(1—a—py
P39 (5) = me(g) f da f dﬁ{ﬂ Y x m},

3(1-a—p(a+p+2)(a® +5°)
524288r8a4B*

P59 (s) = (g2GG) f do f dﬁ{ 27 (s5)* X +F(s)?

(@+B-1)(2430° +a*(6738 - 834) + r(7615> - 7438+ 588) + 3315 + 10362 - 4375+ 3)
2831155218a383 }’

s B 5(1—a—pB)(94a+38-3)
GGay N ~ 2
P3p (s) = mc<gsq0-Gq>famm da j/;m,,, dﬁ{f(s) X 1966087T6(}'2ﬂ2 } >

@a Brax -5(12a+128-1)
(39" ~ \2 2
= d k)
P37 (5) = (aq) f da fﬁ dﬁ{T(S) X 1ddrap }

X

The spectral density p4(s) extracted for the current J4 is

pa(s) =, (pZZrI(S)+P<qq>(S)+p GG)(S)+p qu>(s)+p<qq> (s)+p<qq><qu>(s) +p0 (GGqy (s) +p<qrq> (s))

+ 4 (ppert(S)'Fp(qq)(S)+,O4bG>(S)+p<qu>(S)+p<qq> (s)+p<‘1‘1><‘1G‘1>(s) +p<qu> (s)+p<1111> (S)) , (A4)

where

G B ~240® — (10888 - 61) — 48(948 — 21
P50 = G)ig.a0Go) | o [ e A

737287*aB
661
+(@q)(8:30Ga) f i da{””*nnsﬁ}
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o (—3a—478)  334a’-663a+292
(GGq)’ G d f @
Py, (8) =(gsq0Gq) fy i "{ . dﬁ{ 368647 | 2949127%

1 2
X -331
+(g,§oGq)* f da mgé(s oM ) X } ,

a(l-a)] 29491274
35«
P99 (5) = me(g)’ f da }

230472
pert 5 ]3(1 _a_ﬁ)3(a +ﬁ+4)}
Paa ()= f da f {?(s) X T 57286408 a8
Binax 2
o s “U-a=p) (l4a/+l4ﬁ’+43)}
Piq () =mc(qq) f da ) dﬁ{ﬂ” 1474567503 ’

13(1-a=pP(+p+4)(® +°)
1887436873a3*
3410° + a*(5986 +220) - 9a° (108> — 1308 + 163)
1132462087353
o? (~6884° + 71457 — 9365+ 910) — (8 — 1)? (41987 + 11528 +4) ~ 78(8 - 1)3ﬁ(ﬁ+4)}
1132462087353 ’

P59 (s) = (g2GG) f da f dﬁ{ 2F (s)? x

+T(s)3><{

+

@G, o _ ) - B X
p4a (S) = mc<g5q0'Gq> da d’B 7_'(5)

(1 a-— ﬁ)(164a +4a2(137,8 +74) +a (382 + 6938 — 460) - 25(5> + 45 - 5))
117964875033 } ’

X ax Brnax —4a—-46—- 85
(39 ¢ oy — ¢77)2 IX
P39 (5) = (qq) f da f dﬁ{ﬂs) " 245767028 }

pIDASD () = (Gq)g,GoGq) f da f dﬂ{T()

509
_ - G d '7’{ (>
+(qq9)(g:40Gq) f n 0‘{ (S)X1474567r4a}

B _4 468a* —317a -89
G ) 5 a+p @ @
=(0.50G d +
Py " (8) =(8sq0Gq) j: i “{ fﬁ d'B{1474567r4a'} 589824n*a }
1 m2 -121
— G 2 d 25 —_ ¢ s
+(8sq0Gq) f a{mc (S a(l_a/))X2949127r4a}
P17 (5) = m(qq)’ f
4a 15367r2

max nax —a—-B)73
o= [ da fﬁ dﬁ{T(S)SXB(l @ piesp ”)},

—1602 — (408 + 46) + B(45 + 85)
1474567%a28

786432078
U Binax 2
o s —(I—a-pP(112a+ 1128 +155)
Pap (s)= mc<q61>famm da’Lmn dB{T(S) X 58982471’6C¥2,33 >
o X fﬁ L, 1BB-a-pP(at+aPB+2)+ap + £ (B+2)
Pl () = (8,GG) f da { meF ()X 943718475 B
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S(ar+B—1)(1360° +a? (1768 +29) +a (408> + 698 - 166) — 805> + 795 + 1)}

3
X
7 11324620878238°

X o Box
Pf‘b ‘1>(s) =m(gs;q0Gq) da,f d,B{'}'(s)z
Tmin Brin

(1 - p) (131207 + a2(44008 + 358) + (308842 + 14418 — 1670) - 45(8 — 1))
4718592750233 }

@ Buax —2a-28-17
@9 ( o — (7702 2
P (V=0 f o fﬁ v {ﬂ” * 614 ap }
— 2 _
(qq)(qu) (5) = <CICI><gqu'Gq)f daf 4 {?_( I 320 — (888 +27) + 758 }

1474567
o 437
+(Gq)(8sq0Gq) f “ da{ﬁﬂxm}’

max Brnax 2
(GGq)’ _ 2 - 386a- —-252a—-75
={(g,qoG d +
Py (9)=(8:90Gq) j: a{fﬁ dﬂ{18432n4} 5898247
1 2
~209
G0Gqy: | dadm?ss— —2<
*{8:40G4) fo "{mc (s a(l—a)) 5898247 |
',
Gy v =3 [ 65a
P39 (5) = me(gq) f da{m}.

The spectral density ps(s) extracted for the current Js is

G
ps(5) =me (05" (5) + 610 (5) + 057 (9)+ pE07 )+ 5 (5)+ 0T ()4 pE0 (5) 4000 (5))

G G G
+d (pgzrt(s)+p<qq>(s)+,05bG>(S)+p<q q>(s)+p<qq> (s)+p<qq><q q>(s)+p<q qy (S)+p<qq> (s)) ,

where

Yo Binax 3(1-a— 5)3
pert 5
= d dg X——,
Fa 9 f “fﬁ {T“) 262144n8a5/34}

U max Brnax -11(1 -« _ﬂ)z
a9 o\ — = 3
Psq () —mc<6161>£m dafﬁmm dﬁ{?'(s) Xm},

o 5(1-a-p)(*+5°)
GGy, N _ .2 2 2
Psq “HgSGG)f%m daﬁ v {mﬂ” s

+F(s)° x

(1-a=p)(4a’ +a?(928—5)+ (9467 - 956+ 1)+ 30(8 - 1)B)
314572878533 }

i Binax 45(1-a—-pB)
GGa) ¢ o — 7 ?
A0 =mtsaoon [ an [ arlror S

(aq)’ = \2 e ™ 2 -5
= d d — .
Ps, () =4qq) fa e fﬁn ﬁ{¢ ()" %1022 ”4&2/3}
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- Binax
GaXaGad ; N _ ¢ ~ LZO'B —97
Psq (5) =<4q)(8sGoGq) fa da{ fﬁ dfg{ﬂs)x24576n4a2ﬁ +W(S)X245767r4a ’

(7402 - 53a—20 ! m; -37
@Gay G Gay? 2 -
=(g,G0G do{ —————F—1F+ | d o|s— X )
Psq  (8)=(8sq0 q>{ fa w{ 9830474 } fo “{mc (s a/(l—a/)) 98304n4a}}
7
(g9
P (5) = me(qq)’ f 5 da{256 2}

o (P 21(1-a-p)°
pert S

— d dl{F TA1n N8 404 (°
Pz (9= f “fﬁ { © X1310720ﬂ804/34}

‘min

7] o P -5(-a- 13)2
Pé?:ﬁ(s) = mc(qCI)fam daf,am dﬂ{?"(sf % m}’
T(1=a—=8)°(a®+833
prG)(S) (ngG>f dalf dﬂ{ 27:(5')2 ( @ ,8) (a ﬂ)

524288x8a4B*
(@+B-1)(17a - a(1798 + 13) - 645 + 683 — 4)
94371847833 } :

+F(5)> x

i Brnax _ — -
P99 (5) = (8,40 Gg) f dar f dﬂ{ﬂs)2x(35“ Frad-a ﬁ)},

6553600232
-11
P39 (5) = (gq)? f da f - dﬁ{ﬂs) XS ﬁ}

nnnnn

max WBimax —13a+ 16ﬁ
q9XaGa) ;N _ /= = - "
Ps;, () =(qq){gsq0Gq) fa da{ fﬁ dﬂ{T ()% 245767r40[ﬁ}+71f(s)><

37
81927 )’

@, 2 1 2
(gGq)’ _ 2 e 90a” -6la—16 f 5 mg -15
=(gsqoG do{ ————>3+ | d 5l s— x )
Py, (5) =(8sq0Gq) { fa a{ 93304, | aymzo|(s wi—o ) 32768
@ o a0 Sa
ps (8) = me(qq) fa da{25 6n2}'

The spectral density pg(s) extracted for the current Jg is

G G G
e(s) =me (pgzn(s)+P<qq>(5)+p6u6>(5)+,0<q q>(s)+p<qq> (S)_'_péaq)(q q>(5)+PéZ, q (S)+p<qq> (s))

+ q (pPen(S)+p<‘]‘]>(s)+p6b0>(s)+p<qG‘]>(S)+p<qCI> (S)+p<qq><qu>(S) +p<qu> (S) +p<qq> (S)) , (A6)

where

o B T —a-B)>(@+B+4)
ert _ 5
Poa (9) = fa da f dﬁ{(’r“) X 15728640756 }

1 —a—,8)2(8a/+8,8+31)}
1966087100333 ’
T(1-a-pya+p+4)(a’ +4°)
1887436878584

Fima -5
pe s =mag) [ da f dﬁ{T() x 22X

xxxxxxxxxx

P70 =66 [ aa f dﬁ{ 2 (5)

|||||
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—~3910° - 204(8398 + 326) — 3a° (7664% — 96— 819) — 42(8— 1)’B(B + 4)
1132462087333
—207 (584p° — 4175 - 8645 + 697) — (B — 1) (19982 + 546 + 20)
1132462087353 }}

Wi B —a—
P800 =mtart [ do [ apfrir L= ﬂ)(“()““oﬁ”‘m},

2621447 02,32
(49 o\ — 2™ 40/+4,B—1]
259 (5) = (@) f da f@ | dﬁ{’f() ]

nnnnn

+F(s)° x{

+

T f da f d,B{T (5)%

'min

- 301
+(G9)8s30Gq) f n da{””xm}’

B Ta—88 34202 -381a— 56
GG ¢ N — (o = 2 1% dp +
= oG d
Poa ()= (8:90GQ) J: {»f/; {98304714(1} 3932167*a }

1 m2 —-133
GoGq)’ | dajmis|s— ———|x ’
+(8sq0Gq) fo “{’"c (S a(l—a)) 3932167r4a}

(Gq)’
P39 (5) = me(gg)? f {102 4ﬂ2}
. S(1-a-pP@+p+2)
pert _ 5
Peb (S)‘fam d“fﬁm d’B{ﬂS) X 04857675 B }

Yo Binax 2
- 5. —(1—a-p)y(16a+168+5)
Pob (5) = me{gq) fa‘mm da j/;mm dﬂ{?’( sy X 49152x76 a'2ﬁ3 >

. ) . L, 2B(-a=-pP(at+aP(B+2)+ap +B(B+2))
P () =18 “GGJ% da f " dﬁ{mf(s) X 629145673
(1-a-p)(261a° +a*(17998 - 738) + a(16155% — 11178+ 516))

1132462087833
(1-a=p)(778° + 7618 — 7998 - 39)
i 11324620878a333 }}

28 +a(1683+67) +88(11 —48)
9830472

+F(5)> x {

1 —a—ﬁ)(472a2+a(488ﬂ—68)+ 16B2—11,8—5)}

» (
)
PI9(5) = m(g.GrGa) f da f dﬂ{ﬂ ? TR

—20a —-208—-45
P9 (5) = (gq)? f dar f dﬁ{ﬂ )> X 819200 }

<qq><qu>(S) (qq)(gqu'Gq>f daf . {7_,( )x —24a% —a(224B+9) + 12828 +17) }

98304r*ap
743
+(Gq)(8,30Gq) f da{ﬂ(s)x }

983047*

Bow - 60202 —461a — 108
q> -~ G 2 d f (18 (Y) +
P ! (9) = (8:G0Ga) f: “ a{ o d'B{l63847r4 3932167%
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1 2 -353
sq G 2 d 26 - e ’
+(gsG0Gq) \fo‘ a{mc (s a,(l_a/))x 393216774}

Cnax 35a
(). = \3
Pep (s) = mqq) j;mm da’{ 921672 }

The spectral density p7(s) extracted for the current J; is

G G G
(s) =, (pgzn(s)+p<qq>(s)+p7aG>(S)+,0<q q>(s)+p<qq> (S)+p<qq><q q>(s)+p<q @ (S)+p<qq> (S))

+ g (ppcn(s)+p<qq>(s)+p7bc>(s)+p<qu>(S)+p<qq> (S)+p<‘151><fiG‘1>(s) +p<qu> (S) +p<qq> (S)) , (A7)

where

s (Po T(1-a—p)*(3a +20(36+7) + 36 + 145+ 33)
ORI dﬁ{T(S)s x }
i B

P1a 88473600735 8*
Wmax Brnax 2
GD N = 3 —(1-a—p)"(10a + 106 +23)
Pra () _"”(q")fam d“fﬁm.,\ dﬁ{ﬂ” SN ST ’

. , - B ., (M0-a-py (30° +20*(3B+7)+ a3 (362 + 145+ 33) + 3024°)
Pra ) <g5GG>f daf ) dﬁ{mcﬂs) X{ 106168320780

7(1 =) (2082 3p+T)+p (367 + 14+ 33))}
10616832073a3*
(+B-1)(2520° —a*(324B+1273) - o? (21364 + 37715 + 3733))
12740198408 a3 83

+7—'(s)3><{

(a+B—1)(a? (25448 + 55956° + 8188 — 4817) — 84(8 — 1)*B(34° + 145 + 33))
* 1274019840533

(@+B-1)(-a(12368* + 37696 + 171747 - 67854 + 63))
" 1274019840735 }} ’

—-5300° - 10502(108+ 1) — 102a(5ﬁ2 +ﬁ—6) +(B- 1)2(10ﬁ+23)}

max Brnax
GG oy — = 2
P74 (s) —mc<gsq0-Gq>£:n da me dﬂ{T(s) X 1769472ﬂ6a3ﬁ2

N ~10a— 108~ 1
@’ o i [ d 2
P9 () =) f e fﬁ dﬁ{ﬂs) e }

@NGCD , ~ - _ P 10a2—14Oaﬁ+a+3ﬁ(10,8+1)}
Pra (5) =(qq9){gsqoGq) f da f dﬂ{?’ (s)x 552067028

30727
max max 2
GG N _ (o 7 GaoY? 4 f Sa+ 156 108a~ — 86a — 33
Pra ()= (8:20G0) f: a{ - d'B{1105927r4a T 0184rta

+(2,G0G >2fld 25 m_\, -l
o asmb|s— ,
5409 | a(l-a)|” 245767

11
+{q9){gsG0Gq) f da{ﬂ ()X ———F— }
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‘max 7
(Gq)
P80 (5) = melgig)? f ) d“{smz}

Ui Brnax
oy (5)= f da f dﬁ{ﬂs)sx

T(1-a—p)* (60 +a(128+13)+ 64> + 13+ 21)}

58982400n8a45*

. s ~(l—a—p)P(13a+ 136+20)
P99 (5) = me(dig) f da f {ﬂs) e ,
''''' 13a—138+2

9y [ N _ 2
29 (5) = (g f lllll da f | dﬁ{T() S }

w [ 35a
<‘1‘1> — i 3 d
P99 (5) = me(gq) f { - 4ﬂ2}.

GG G G G
HOWeVer, pgb >(S), pglé fi)(s)’ p<qq><q ‘1>(S), and p<f1 9 (S)
are too complicated for extraction.

APPENDIX B: UNCERTAINTIES DUE TO PHASE
ANGLES

There are two different terms, A =[¢,y.c,IN and
B = [¢,0c4]N, both of which can contribute to the de-
cay of |DX*;3/27) into J/yp. Their relevant effective
Lagrangians are

L, = 4 P (1180 + 12070 N U, (B1)

Lgp =8B 13? (I3ga/17v + t4eayvp7p75)N 3#1//‘/, (B2)
where f; are free parameters. The two terms 4 and B can
also contribute to the decays of [D*T.;1/27) and
|D*%%;1/27) into J/yp. Now, the two effective Lagrangi-
ans are

Table B1.

Lgp = gC PC’Y#’YSN lﬂ# ’ (B3)

~£5p =8D pco-,uv’}/SN C')”W . (B4)
There are two different terms, C = [c,ysc,JN and D=
[CavuyscaIN, both of which can contribute to the decays
of |DX:;1/27), |D*Z.;1/27), and |D*TX;1/27) into n.p.
Their relevant effective Lagrangians are

-E,I;tngE Panc, (BS)

L, =gr Poy,N &, (B6)

There may be phase angles between ga/gs, gc/gp,
and gg/gr, none of which can be well determined in the
present study. In this appendix, we rotate these phase
angles and redo all calculations. Their relevant (theoretic-
al) uncertainties are summarized in Table B1.

Relative branching ratios of the D®={” hadronic molecular states and their relative production rates in AY decays. See the

caption of Table 3 for detailed explanations. In this table, we consider the (theoretical) uncertainties due to the phase angles between

ga/gs, gc/gp,and gp/gr.

Decay channels Productions
Configuration
J/yp nep XoP  XaP  hep DAY DAY Dy DIt DOzt DIt Ry Ra
|DZc;1/27) 1 0.5-3.8 - - - - 0.69¢ - - - - 8.2 2.0-5.0
|D*%:;1/27y  09-1.6 03-3.1 0016 104 - 3.4t 1.2t 0.12¢ 0.23¢ - - 1.2 0.2—-0.4
|D*%:53/27) 1 0.005 - - - - 0.34¢ 1071 107t - - 1 1
|Dx:;3/27) 1-710 0.70 - - - - 250¢ - - - - -
|D*2¢:1/27) 1-25 3-31 0.30 0.10  0.02 34¢ 1.5¢ 0.15¢ 0.30¢ 0.35¢ 0.70¢ 4.8 0.1-2.4
|D*%%:,3/27) 1 0.006 - 0.008 - - 0.39¢ 1075¢ 1074¢ 0.04¢ 0.08¢ 0.18 0.16
ID*%2:5/27) - - - -
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APPENDIX C: INVERSE INTERPRETATIONS

In this paper, we intend to interpret P.(4440)* and
P.(4457)" as the D*Y, molecular states of J* =3/2~ and
1/27, respectively. However, they can also be interpreted
as the D*Y. molecular states of J© =1/2" and 3/2°, re-
spectively. Based on the latter interpretations, we assume
the masses of the D™= molecular states to be

Mps, .12y =Mp 4312 =4311.9 MeV,
MI[)‘ZJL;I/Z’) :MP((4440)* =4440.3 MeV .
M|D‘2,;3/2’> =MPL(4457)+ = 44573 MCV,

M|D23;3/27> zMD + ME: =4385 MeV,
M|D'22;1/27> zMD* + Mz: =4527 MCV,
M|D‘Z;‘,;3/2’) zMD* + Mz:« =4527 MCV,

M|D”Ef;5/2’) zMD* + Mz: =4527 MeV, (Cl)

and redo all calculations. We summarize the obtained
results in Table C1. Even when considering the uncer-
tainty on R, to be at the X*3%% level, these results do not
appear to easily explain the relative contributions

R = B(A) = PEK)B(P} — J[yp)/BN) = J[ypK™)

measured by the LHCb experiment [5], as given in Egs.
(129).

Table C1. Relative branching ratios of the D®x{” hadronic molecular states and their relative production rates in AY decays. See the

caption of Table 3 for detailed explanations. In this table, we work under the assumption that P.(4440)* and P.(4457)* are interpreted as

the D*Z. molecular states of J¥ = 1/2~ and 3/2", respectively.

Decay channels Productions
Configuration
Jlgp TP XopP  Xxap  hep DAY DAY D% DIt pOst DI Ry Ry
|DZ.;1/27) 1 3.8 - - - - 0.69¢ - - - - 8.6 2.1
|D*Z;1/27) 1 036  0.013 - - 3.4t 1.2¢ 0.11¢ 0.22¢ - - 1.3 0.28
|D*%:;3/27) 1 0.005 - 104 - - 0.35t 107%¢ 1075¢ - - 1 1
|Dx:;3/27) 1 0.70 - - - - 250¢ - - - - - -
|D*Z¢;1/27) 1 31 0.30 0.10  0.02 34t 1.5¢ 0.15¢ 0.30¢ 0.35¢ 0.70¢ 5.0 0.10
|D*%¢;3/27) 1 0.006 - 0.008 - - 0.39¢ 107%¢ 1074 0.04¢ 0.08¢ 0.19 0.17
ID*%};5/27) - - - -
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