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Strong decays of the P.(4312) and its isospin cousin via the QCD sum rules”
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Abstract: In this study, considering the conservation of isospin in the strong decays, we investigate the strong de-
cays of the pentaquark molecule candidate P.(4312) and its possible higher isospin cousin P.(4330) in the frame-

work of the QCD sum rules. Further, the pole residue of the A baryon with isospin eigenstate |[13) = I%%) is ob-

tained. If the possible pentaquark molecule candidate P.(4330) could be determined, it would shed light on the inter-

pretations of the P, states in future experiments.
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I. INTRODUCTION

To date, several pentaquark candidates P. and P,
have been observed through LHCb collaboration. In
2015, the LHCb collaboration observed P.(4380) and
P.(4450) by analyzing the AY— J/yK p decay [1]. In
2019, through the LHCb collaboration, the experimental
data were re-investigated at one order of magnitude high-
er than the previously analyzed data, and observed a nar-
row pentaquark candidate P.(4312) in the J/yp mass
spectrum. Its measured Breit-Wigner mass and width
were 4311.9+0.7:5% MeV and 9.8 £2.7737 MeV, respect-
ively [2]. The investigation also showed that P.(4450) ac-
tually comprised two narrow overlapping peaks P.(4440)
and P.(4457) [2].

In 2020, through the LHCb collaboration, evidence of
a new structure P.(4459) was observed in the J/yA mass
spectrum with a significance of 3.1c in the Z, —
J/yK~-A decays [3]. In 2021, the LHCD collaboration ob-
served evidence of a new structure P.(4337) in the J/yp
and J/yp systems in the B® — J/ypp decays with a signi-
ficance of 3.1 ~3.7¢0 [4]. In 2022, the LHCb collabora-
tion observed evidence of a new structure P.(4338) in the
J/YyA mass spectrum in the B~ — J/YyAp decays with
Breit-Wigner masses and widths of 4338.2+0.7+
04MeV and 7.0+1.2+1.3 MeV, respectively, and the
preferred spin-parity J* =1~ [5].

The spins and parities of those P. and P, states have
not been fully determined experimentally, and their phys-
ical natures are still highly contested. Besides P.(4337),

the masses of those P. and P., states are near the
thresholds of the D™ and Z.D® pairs, respectively.
Thus, a typical interpretation is that they are the S-wave
hidden-charm meson-baryon molecules with definite
isospin /, spin J, and parity P [6—15]. Mass and width are
two basic parameters to determine the physical nature of
a hadronic state. Recently, many theoretical groups ap-
plied different methods to study their masses [6—21] and
strong decays [22—28] under the physical picture of
meson-baryon hadronic molecules. Different interpreta-
tions, such as the diquark-diquark-antiquark type
pentaquark states and baryon-meson molecular states,
lead to different branching fractions in the strong decays.
Moreover, even under the same physical assignments,
different theoretic groups obtain very different branching
fractions. For example, in the picture of the py_ molecu-
lar state, the calculations based on the effective Lagrangi-
an (quasipotential Bethe-Salpeter equation) approach in-
dicate that the J/yp and n.p decay channels play a small
role [22, 23] ([24]). The calculations based on the Wein-
berg-Salam compositeness condition indicate that the ra-
tio T(P.(4312) - 5.p) : T(P.(4312) > J/yp) =3 [25], and
the calculations based on the QCD sum rules indicate that
the ratio T(P.(4312) - n.p): [(P.(4312) — J/yp) = 0.24
(3.3) [26] (127]).

The P.(4312) was observed in the J/¢p invariant
mass spectrum. Thus, it should have the isospin /= 1.
However, the isospin of the py_ state was not specified
when it was explored with the QCD sum rules [8—10, 14,
15, 26, 27]. In Refs. [16—18], we comprehensively invest-
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igated the color-singlet-color-singlet (or meson-baryon)
type hidden-charm pentaquark molecular states without
strange, with strange, and with double-strange by distin-
guishing the isospin. We made possible the reasonable as-
signments of the P.(4312), P.(4380), P.(4440), P,(4457),
P.(4338), and P.(4459), with many predictions on the
masses for the molecular states that future experimental
data would confirm.

The QCD sum rules approach is a powerful non-per-
turbative theoretical tool proposed by Shifman, Vain-
shtein, and Zakharov in 1979 [29, 30]. It has been widely
applied to study hadron masses, decay constants, form-
factors, and coupling constants [31, 32]. We usually use
the three-point or two-point light-cone correlation func-
tions to study the three-hadron coupling constants. On the
QCD side, we perform operator product expansion in the
large space-like region and at the light cone. Then, we
obtain the QCD spectral densities in the spectral repres-
entation and match them with the hadron side below the
continuum thresholds. Finally, we perform the double
Borel transform to obtain the QCD sum rules.

In Ref. [33], we suggested a novel approach to calcu-
lating the three-hadron coupling constants with the three-
point QCD sum rules based on rigorous duality for the
first time. Afterward, rigorous duality was successfully
applied to study the strong decays of the exotic tetra-
quark and pentaquark (molecular) states [26, 34—38]. In
this work, we take the P.(4312) as the py_ molecular
state with the isospin / = 1 and extend our previous work
to explore its two-body strong decays with the QCD sum
rules based on rigorous duality. Furthermore, we investig-
ate the decays of its higher isospin cousin P.(4330) to
cross-check the molecule assignment. Observing
P.(4330) in the J/y¥A and n.A decay modes would shed
light on the nature of the P, states.

In our previous work, we observed that a resonant
molecular state P.(4330) possibly exists with the isospin
(I,I;) = (3,3) as the cousin of the P.(4312) based on the
QCD sum rules [16]. We cannot assign a hadron by mass
alone; we should at least explore the decays. Herein, we
explore its two-body strong decays to select the best
channel to search for it experimentally and try to provide
a guide for high energy physics experiments. If the pre-
dictions can be testified, it would in return prove our in-
terpretations for the nature of the P.(4312). In Refs.
[16—18], we distinguish the isospins and comprehens-
ively investigate the hidden-charm molecular states
without strange, with strange, and with double-strange.
Exploring all the two-body strong decays with the QCD
sum rules (also including the mixing effects) and making
predictions on the partial decay widths to provide a valu-
able guide for international high energy physics experi-
ments is very interesting. However, we can only accom-
plish the tedious calculations one by one.

The remainder of the paper is organized as follows:

We obtain the QCD sum rules for the strong decays of
P.(4312) and P.(4330) in Sec. II; we obtain the QCD sum
rules for the A baryon with isospin (/,13) =(3,3) in Sec.
III; we present the numerical results and discussions in
Sec. IV; and Sec. V is reserved for our conclusions.

II. QCD SUM RULES FOR STRONG DECAYS OF
THE PENTAQUARK MOLECULAR STATES

Following Ref. [16], the quantum numbers (1,J") of
the P.(4312) and P.(4330) are (3,%7) and (2,1"), respect-

2°2 2°2 />
ively. Considering the conservation of the isospin / in the
strong decays, we study the following processes,

P.(4312) - n.+N,

P.(4312) - J/y+N,

P.(4330) - n.+A,

P.(4330) = J/y+A, (1)

where N represents the proton to avoid confusion owing
to the four momentum p,, and the A baryon has the
(I,J")=(2,2"). We apply the currents J, (x), Jyu.(x),

2°2
In(x), Jau(x), Jp(x), and Jp (x) to interpolate the 7., J/y,
N, A, P.(4312), and P.(4330), respectively, and list them
out explicitly,

I (x) = c(X)iysc(x),
Jipp () = €(xX)y,c(x),
In(x) = 75U (xX)Cyu! (x)y ysd (x),

Jau(x) = %sijkuiT(x)Cyﬂuj(x)dk(x)

+ \/gsi-fkuiT(x)Cy#d-f(x)uk(x), (2)
Jp(x) = %sif"E(x)iysu(x)u"T(x)Cnd’ ()Y ysc(x)
- \/gs’fkf(xﬁysd(x)u”(x)c%uf(m"ysck(x),
2 4 .
Jp(x) = \gs"k?(x)iysu(x)uﬂ(X)C)’nd’ (x)y"ysch(x)

. %s"f'kax)iysd(x)u”<x>Cmf(x)y“ysck<x>,

A3)

where the C is the charge conjugation matrix, and i, j, and
k are the color indexes. We can observe that the interpol-
ating currents (see Eq. (3)) for the lower and higher isos-
pins of the P, states are different from those constructed
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in Ref. [26], where we do not consider the clear defini-
tion of the isospin. Thus, the calculations of all the re-
lated hadronic coupling constants differ significantly at
the QCD sides.

Generally, we can construct several currents to inter-
polate one hadron or one current to interpolate several
hadrons, as a hadron may have several Fock components.
As the currents with the same quantum numbers could
mix with each other under renormalization, we should in-
troduce the mixing matrixes U to obtain the diagonal cur-
rents, J' = UJ, which couple potentially to (more) physic-
al states. The matrixes U can be determined by directly
calculating the anomalous dimensions of the current oper-
ators. However, to date, even for the conventional bary-
ons, we cannot obtain a diagonal current that is a special
superposition of several non-trial currents to match with
all the considerable Fock states. In this study, we only
consider the py, components of the P.(4312) and

P.(4330) with definite spins and isospins. In fact, the
P.(4312) and P.(4330) may have other important Fock
components, such as the n.N, px, Dz, and nA,
where the p, p*, -+, X, X%, --- denote the color-singlet
clusters having the same quantum numbers as the con-
ventional mesons and baryons, not the physical mesons
and baryons, as we choose the local five-quark currents.
We prefer to explore this possibility and accomplish the
tedious tasks in our next work, as it will take several
months at least. In this study, we calculate the correlation
functions with the full QCD, while in Ref. [28], only the
heavy quark symmetry and phenomenological contact
four-hadron interactions are retained. We should not be
surprised if different conclusions are obtained; all the pre-
dictions should be compared with future experimental
data.

Now, we write down the three-point correlation func-
tions in the QCD sum rules,

(p.q) = i / d*xdtye? e OIT {1, () In()Tp(0)}10), 4)
M (p.q) =i / d*xdye” e OIT {1510, (0NN TR(0) } 0), (5)
My (p.q) =i / d*xd'ye” e OIT {J,.(x)a ()T (0)}10), (6)
M(p.q) = / d*xd*ye? S OIT {11100 ()T, (0)}10). (7)

At the hadron side, we insert the complete sets of intermediate hadron states with the same quantum numbers as the
currents J,, (x), Jyy (%), Jn(x), Ja(x), Jp(x), and Jp(x) into those three-point correlation functions and isolate the con-

tributions of the ground states,

_ f,,{mic (g +my) (P +mp)
Np.q) = 2m, Axdrgr (m%, —p’z) (M,z, —pz) (m]2V _512)

—i

I . (p,q) = fijymyyAndpe (.

i
(g+my) <gv7”— 81
mp+my
fom, gp Aadp p*
L (p,q) = ——=
’ 2me (miy = p”) (= p*) (m} -

mp = p?) (m3, = p?) (my - %)

O'QBP;;) Ys(B +mp)+---, )

1
B qz) (é‘i'mA) (g/wz — 53 YuYa—

+oee, (8)

PaP,
<_g”" " pzy )

24u4a 4o =qa¥y
3 mi 3mA

>75(¢/+m13')+"' s
(10)

3
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1
R L Py y propmpeyy prrm

1
qz) (é"'mA) (gwr - §7v70 -

g 4vqa + Yo — CI(X’YV) £
3 m3 3my a

8Pt = €aP) = 85(P-Epo — P~ pea) + 8c(=p )| (' +mp) +---, (11)

where the gp, gr/, gv, &7, g4, &5, and g¢ are the hadronic
coupling constants, the Ap, 4p, Ay, and A, are the pole
residues, the f, and fj, are the decay constants,

+/
p_dtp

, and we have applied the definitions,

OIT(O)Pp(p"))y = 2pUp(p),
Ol (O)Pp (")) = Ap Up(p'),
OlIn(O)IN(g)) = ANU(q),
(O1J2.(O)A(g)) = AU, (q),
0139 O/ (P)) = frumipp&us
from,
(017, (O)Inc(p)) = T , (12)
m

M (PIN@IPe(P) = igpU(@Up(p"),

JIW(p)N@IP»(p)) = U(g)e, (gvv" —i

o )
mp+my Ps

XysUp(p'),
M(PIADIPr(P')) = —igp Ualq)ysUp (p)p®
I PA@IPH (D)) = iUu(@)[8a(Pa &~ a P)

—-8p(P-ep, —P- pe,)

+8c(p-&pa—p e)lUp (P,
(13)

where the U(q), Up(p’), and Up (p’) are the Dirac spinors,
the U,(q) is the Rarita-Schwinger spinor, and the &, rep-
resents the polarization vector of the J/y, p-e=0. The
7y, /Yy, INY, |A), |Pp), and |Pp) denote the ground
states of the n., J/¥, N, A, P.(4312), and P.(4330), re-
spectively. For the definition of the vertex
JIYy(p)A(@)IPp (p')), one can consult Ref. [39].

It is natural to consider that the correlation functions
at the hadronic side should match those of the QCD side;
that is, IIy(p,q) = Hocp(p,q), where I represents the cor-
relation functions in Egs. (4)—(7), and the subscripts H
and QCD denote the hadron and QCD sides, respectively.
It is then reasonable to have the relation Tr[[14(p,q)-T'] =
Tr[Igep(p,q)-T'1, where the I is the same chosen y—mat-
rix in the Dirac spinor space. For the II(p,q) in Eq. (4),
we choose I' =0, and 7y,, and select the corresponding
tensor structures p,q, —q,p, and g,, respectively. For the

[

IT, ,(p,q) and II,,(p,q) in Eq. (5) and Eq. (6), we set
I'=vys£ and s, and choose the tensor structures g,p-z
and g, respectively [26, 38], where z is a four vector. For
the I1,,(p,q) in Eq. (7), we pick out its tensor structures
D48 and p(yupy+¥vPu+¥udy +¥vqu), simplify IL,-Z,
and choose the structure p §(y,py +¥vPu+Yudy + V4P - 2.
The selected structures are expressed as,

1 ) ,
1 TP, )0 = T(p 2 5 @iPugy — qup) +

1 . ) .
2 TP, 9iy,] = Ty (p 0 )igu+

1 )
2 TP @)ys 21 = .(p”, p*.qigup-z+---,

1 / ,
2T (p,@)ys] = Tla(p 205+

1 , '
1T, (p.@)ys 41 = T(p L0 qigup -zt

1 ) _
1T yu(p,@)ys] = T1y(p 0 igu+ -
(14)

IL,(p,q) =a(p*. P*. ") P 48w + (P>, P*.q7) B
X (yupv + YvPu +7ﬂCIV +7v%4) +e,
L,(p,q) £ = Tls(p”*, P>.4°) I 4y

+VPut Yy TGP 2+
(15)

We apply the same analysis for the components of the
correlation functions IT;(p’2, p?,¢?), as discussed in Refs.
[26, 38], where Z represents a, b, ---, f, A, B, and C.

At the QCD side, after accomplishing the operator
product expansion, we perform the trace and choose the
selected tensor structures. For the relation between p’, p,
and ¢, they satisfy p’ = p+q for all the decays. We set

p? = §&p?, where the ¢ is a parameter. For example, in the
2m3

decay P.(4312) »n.+N, 0<é< Y42 we can set

my2

2

&= % + 1. Just like in our previous works [26, 33—38],

we take the rigorous quark-hadron duality below the con-
tinuum thresholds and perform double Borel transforma-
tion to obtain the QCD sum rules for the hadronic coup-
ling constants,
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Jom AnApgh 1 m} ms my
5 ) exp T2 —exp\ — ? eXp\ — F
m.& =- m;zh &Ty 2
m? u
+Ceexp| - Tn; _ "N /4m ds/ dup,(s, u)exp( T2 Tz)

e mic ANApgp mp +my m727, my my
- exp| —— | —exp{——= | rexp| -
2m.& M 2 T3 ET; 75

f

Te

) / ds/ dupp(s, u)exp( T2 Tz)

3 Tp 2 T; éT T;

3 mw

c —m%/“’ My “as [V “
+Cryvexp | — 72 - i S uprv(s,u)exp | — T2 T2
m2 AApgs M2 m2 2 2
s W[ (R () ()
dmema e 0 T; &T T;

3

m

+Cexp< T‘—) / ds/ dupc(su)exp< TZ Tz)’

Fot2 adp gl M3 (2mamp — M3, —2m3) m, m3, m}
B 3 — exp| - | —expl——— | rexp| -
memxé P 2 T &T T;

N

2
+Cfexp<—r;£—> / ds/ dup(s, u)exp( T2 ;2)

o 1 m2 2' 2
TagTagdade = {exp (—T@‘”) —exp (_msz)} exp (—%)
¢ I mi/w 1 &Ty 2

é

8a Ca St pa(s,u)
m
K-|gz|+|Cp exp(—W—A) / ds/ du | pp(s,u) exp( ),
4m?

gc Cc (s, 1)

+ Cpexp <

where
2 _ 2 2 2
My =mp —my—m,_,
My = mi +2mamp +my, —mi/(/,,
mp+my

2 2
P — My —nmy,,

Cr =[(mp—my)Cc+C4l

mp+m
pr(s,u) = [(mp—my)pc(s,u) +pa(s,u)] %,
mN—m,/w
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m%/(// mp+my
ov(s,u) pe(s, ) +pa(s,u) | ———F——5—
mp +my mp —my —mj,
M 2 4 i
ﬁ (4m3 - M3) gMg(m;, -m3) —gmi,wMg
K= | 4mamp - my, +mj;,) ~ 2(my —m3, +3m3,) 8mj,, ’
3m3 3my 3my
4 2M2 41‘/12
T _z =
i 374 37 37
and m3 & u
Aiexp (—T—§> = /0 Pocp () exp <_F> du,
Im, Im, I1;(p, s +i€, u+i€) 2 §0
= lim lim , 22 m A u
pz(s,u) = Jm m 2 (22) mpAsexp <—T—§) :/ p%CD(u)exp (_F) du, (25)
0
are the spectral densities at the QCD side. We add the su-
where

perscripts a and b to denote the hadronic coupling con-
stant gp from the components IL,(p%p*¢*) and
I1,(p", p*.q%), respectively, and add the superscripts e and
fto denote the hadronic coupling constant gp from the
components IL(p"%, p?,¢*) and I1;(p’?, p*,¢*), respectively.
C7 denotes the unknown parameters, which are determ-
ined in the numerical calculations to obtain flat platforms
[26, 33—38].

OI. QCD SUM RULES FOR THE A BARYON
WITH ISOSPIN I =3/2

In Eq. (2), the current J,,(x) is the isospin eigenstate
Iy =131). We write down the two-point correlation
function,

a,n(g) =i / d*ye (0T { Ja,(3)Jn(0) } 0). (23)

At the hadron side, we insert a complete set of baryon
states with the same quantum number as the current into
the correlation function II,,, and isolate the contribution
of the ground state,

24+A

HAyv(q) /l q ( gﬂv

) e

(24)

A

We choose tensor structures ¢g,, and g, for analysis.
After accomplishing the operator product expansion, we
obtain the corresponding spectral densities pcp(#) and
Poep(u), respectively, then adopt quark-hadron duality,
and obtain two QCD sum rules,

X V2 7\ 17 49
Poco) = ( 5o+ 5075 ) - +
2560 3072 ) n* \ 138242 55296

X(§GG)~
v/
2 gs(éQ>2 M
(3\/' 36)< DOt
23 13 ) S(u )
s0G
(108\/- 51 ) $99148:0Gq)—5
(26)
O () = E_L_ZS <-> ( 1 +L)
Pacol =\ 73 "gva 288 16v2 | 192
_ 1
x{q8:0Gq)—
v/
1 2 ( )
(288\/_ 3456> (8:6CXG0)
4 5 ) S 36(14)
+ + .
(729\/5 729 8:449
27)
We differentiate Eq. (25) with respect to 7= —, then
obtain the mass m, through a fraction,
0 50 u
, Tor fOApggD(u)exp (——) du
m = . (28)

=) du

1y el twexp (-
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IV. NUMERICAL RESULTS AND DISCUSSIONS

The standard values of the vacuum condensates are
listed as (gq) = —(0.24+0.01GeV)?, (gg,0Gq) = m(qq),
m} = (0.8+0.1)GeV?, and (2GG) = (0.33GeV)* at the en-
ergy scale u=1GeV [29, 30, 31, 32], and we apply the
value of the MS mass m.(m.) =1.275+0.025GeV from
the Particle Data Group [40]. The energy-scale depend-
ence of those parameters are written as,

as(lGeV)} iy
a(u) '

(qgs,0Gq)(u) = (qg,0Gq)(1GeV) {

(qa)(u) = <qq)(1GeV) {

a,(u) ’

12
o, (W) } Wy

a,(m,)

me(u) = me(m.) {

1 by logt bl(log*t—logt—1)+ byb,
a?(]‘l) =7 1_727 4 )
bot bi t bgt?
2 33-2 153-19
where ¢=log ’L; , by= nf, 1=72nf,
ocD 127 24n
5033 325 ,
2857 = ——ns+——ny
by = 2 27 " and Agep =213 MeV, 296

12873

MeV, 339 MeV for flavor numbers n, =5,4,3, respect-
ively [40, 41]. The flavor numbers n, for the P. decays
and A state are ny =4 and n, = 3, respectively. We set the
energy scales for the decays P.(4312) — n.N, P.(4330) —

1
nA as u= M and for the decays P.(4312) — J/¥N,

P.(4330) - J/YA as u= %m,/l,, [26, 42]. For the A bary-
on state, we set the energy scale u=1. We obey the ex-
perimental data and set mp =4.312GeV [2], and we set
mp =4.330GeV, considering the calculation/conclusion
in Ref. [16]. From the Particle Data Group [40], we take
my,, =2.984GeV, my =0.938GeV, my, =3.097GeV, and
mp =1.232GeV. For the decay constants, we choose
fiy =0.418GeV, f, =0.387GeV [43]. For the pole
residues, we set Ay =3.20x1072GeV? [44], Ap =3.25%

N7
——Central Value |
= = =Error Bounds |4

1
1

1
25/
[
\

Fig. 1.

103GeV®, and Ap =1.97x10°GeV® [16]. For the
threshold parameters, we apply s, =3.50GeV
V/s% =130GeV, and /s, =3.60GeV [26].

For the A baryon state, we find that the numerical val-
ues of the masses in the m} —T? curve (due to phep(w))
are slightly larger that in the m) —T* (due to poep(w)) if
the same input parameters are considered. However, it is
difficult to judge which tensor structure is better. Thus,
we phenomenologically solve the mass and pole residue

) 1
of the baryon states via my= 5(mi+m2) and

1 .
Ax = (A4 +2%), where we add the superscripts 1 and 0 to

denote the spectral densities. The my—T? and A, -T2
curves are shown in the Fig. 1, and the related paramet-
ers extracted from the Borel platforms are listed as
V50 =1.61GeV, my =1230GeV, Ay =7.63x107°GeV?,
and the Borel windows 72 = 1.1-1.5GeV?. Further, the
pole contribution in the QCD sum rules is (41 —59)% and
the convergency of the operator product expansion is sat-
isfied very well.

In the present study, the 3D surfaces of
gz = g2(T?,T?) are solved for the first time, where g, rep-
resents the hadronic coupling constants. The Borel plat-
forms of each coupling constant are determined under the
same intervals of the Borel parameters 77 and 73. They
are (le)max - (le)min =1 GCV2 and (Tzz)max - (Tzz)min =
1GeV2. One important requirement of the QCD sum rules
is that the Borel platform should be "flat enough," which
means that the error bounds originating from the Borel
parameters could be neglected. For the hadronic decay
constants, we argue that one can quantify the "flat sur-
face" via the average relative error bound yz, which is
defined as,

82T T5) — 82(T7 L T3)

Xz = )
‘ i—1 ngZ(le,c’ T22,c)

29

where the 77, and T3, denote the central points in the
Borel platforms, the 77, and T3, are the selected points

——Central Value |]
= = =Error Bounds |
o ]
-
]
]
T
[ N L YO N U |
o - T T
I3 op TR ]
05+
P S
0.5 1.0 15 2.0 25

(color online) The ma — T2 (left) and A5 — T2 (right) curves of the A baryon.
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inside the Borel platforms, and the » is the number of
points on the grids in the Borel platforms. In the QCD
sum rules (see Egs. (16)—(21)), there is a free (or un-
known) parameter C; accompanying each hadronic coup-
ling constant gz, we determine the optimal values of C;
by minimizing yz. Taking g% for example, the Borel plat-
forms chosen via trial and error are (le)min =4GeV?,
(73),,, =4GeV? (T}) . =5GeV? and (T3),, =5GeV?.
The y,—C, curve is shown in Fig. 2, C, is determined by
the minimum value of y,, ie., C,=4.299x107%GeV’.
Similarly, we find

C, =8.855x107°GeV'"

Cr = (=6.960Ge V> +0.049T7 — 0.083T3) x 10°GeV’
Cy = (-7.407 GeV? + 0.053 T7 —0.088 T7) x 107 GeV’
C.=-9.864x 107" GeV’

Cr=(1.214 GeV* - 0.1097} +0.170T5) x 107° GeV'?
C, = (—6.341 GeV? +0.064T?> - 0.075T2) x 107> GeV'°
Cly = (=4.903 GeV* +0.039T} - 0.054T3) x 10> GeV*®
Cl. = (-2.830GeV? +0.02377 - 0.03177) x 107 GeV®

6.0

541
i
42 I

S 30t

[SEPE
18t
12}

0.6

oob—— v e
20 24 28 32 36 40 44 48 52 56 6.0

C,(107GeV?)

Fig. 2.  (color online) The free parameter C, is determined
by the minimum value of y,, where the dash-dotted line rep-
resents the chosen value of the C,.

9Pa
IS

45

0

4 40
2 2y 3.5 .
T5(GeV?) 30 30 7

T2(GeV?)

Fig. 3.

T%= \/T?+T} and T} =T3.

/ 55
50
45

and (C4,Cs,C¢) = (C,,Cy,Cr)-KT. The 3D graphs of the
g% are shown in Fig. 3. For the graphs of the other had-
ronic coupling constants, please consult the preprint ver-
sion of this paper [45]. One can clearly see that "flat sur-
faces" are obtained for all the hadronic coupling con-
stants, which also presents a reference that it is reason-
able to set T? = T3 for simplicity [26, 37, 38, 46].

For the error bounds of the hadronic coupling con-

o A Odp
stants, we follow the approximations ——

A Ap
0dn _ 0N _ Ofyy _ Ofy . o
bt to estimate the uncertainties
[38, 46]. Notably, the uncertainties of the masses of
P.(4312) and P.(4330) are due to the input parameters
qq), (q8,0Gq), and m3 [16]. Therefore, we do not con-
sider their contributions to the uncertainties for the strong
coupling constants to avoid over evaluating the uncertain-
ties. Additionally, we abandon the error bounds due to the
uncertainties of the free parameters 6Cz [26, 37, 38, 46].
Since the error bounds shown on the 3D graphs are un-
clear, we draw the curves of the uncertainties of the diag-
onals of the Borel platforms in Fig. 3 for g% (the other
graphs can be found in the preprint version [45]) and ex-
tract the numerical results in Table 1. We find that the
strict constraint condition y; < 6% holds for all the Borel
platforms. Accordingly, we obtain the partial decay
widths,

“(P.(4312) = n.N) = 0.11* )53 MeV,
I*(P.(4312) = .N) = 0.11")%2 MeV,

[(P.(4312) = J/yN) = 10.7853 MeV,
(P, (4330) - 7,A) = 0.1020! MeV,
I/(P.(4330) — n.A) = 0.10*)5 MeV ,

['(P.(4330) — J/yA) = 57.86" 3% MeV,, (30)

where the superscripts a, b, e, and f denote the hadronic
coupling constants g%, g5, g%, and g{m have been chosen,

03pF—r—T—T—T—T—T—T—T—T—T T T T T T T T T T

02r

9Pa
S

0.0r

30 T S S S S S S S ST S S S S S
35 36 37 38 39 40 41 42 43 44 45

T?/V/2(GeV?)

(color online) The g4(T?,7T3) surface (left) and error bounds of the diagonal of the Borel platform (right), where
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Table 1. The parameters and numerical results for the had-
ronic coupling constants

8z T} /GeV? T? /GeV? Xz Values

8p 3.5-45 3.5-45 0.75% 0.06*59!

& 35-4.5 35-4.5 5.46% 0.06*991

gr 50-6.0 50-6.0 0.83% 0.36019

8v 5.0-6.0 5.0-6.0 0.56% 0.58013
8p 45-55 45-55 0.79%  030%092Gev~!
g 45-55 45-55 1.59%  0.307009 Gev~!
A 55-6.5 55-6.5 2.78% 058098 Gev~!
85 6.0-7.0 6.0-7.0 1.74%  043%)(8GeV ™
e 6.0-7.0 6.0-7.0 298%  0.597008Gev2

respectively. From Eq. (31), we can see explicitly that the
partial decay widths using the hadronic coupling con-
stants gp and gp from different QCD sum rules are con-
sistent with each other, which indicates that the calcula-
tions are reliable. The partial decays P.(4312) — J/yN
and P.(4330) - J/YA almost satisfy the total decay
widths, and the total decay width T'p,4312) = 10.89*53] MeV
is in very good agreement with the experimental data
9.8+2.731MeV from the LHCb collaboration [2], and
supports assigning the P.(4312) as the py, molecular
state having the isospin |/,13) =13,3). The observation of
its isospin cousin P.(4330) with the |,15) =|2,1) in the
J/yA mass spectrum could shed light on the nature of the
P, states.

As the decay mode A — Nr accounts for 99.4% of the
total width of the A from the Particle Data Group [40], we
expect that the partial decay widths have the relations
(P > JJyA) =T (P’ = J/yNr) and T(P' —nA)=
I'(P" — n.Nr). Then, we consider the finite width effects
of the A and obtain the partial decay widths,

(mpr —my.)*

1
[(P' — n.Nm) = T / ds|T, |
P J

my+niz)?

% \/EFA(S)P(mF”mnH ﬁ)

(s—md)r+sT3(s)

=0.057) 00 MeV,

(mpr—myy)?

1
(P - J/YNn) = ———— / ds|Ty,”

2,2
167 mp: S vy

o VsTa(s) p(mp,mypy, \'s)

(s—m3})?+ sT(s) ’

=93.87'31 ) MeV, (31)

where

IT)u> = ZKI /W (P)AQ@IPr (PP,
IT,.I* = Z[n(P)A@IPr (PP,

p( \/E’ mN3m7r)3

Ta(s) = Ta(m? ,
A(s) A(mA)p(mA’mN,mﬂ)3

(32)

, A2—(B+C)* |[A2—(B-C)? B
p=q+p, p(A’B,C): \/[ . 2};[ ]7 p2:m%”a

p>=mj, or my , g> =5, and Tx(my) = 117MeV [40]. The
partial decay width I'(P" — J/yNn) (I'(P’ — n.Nn)) is
greatly amplified (diminished) when the finite width of
the A is included. We can estimate the total width via the
dominant decay mode, I'p,4330) = 93.877317; MeV, which is
compatible with our naive expectation that the resonant
states have widths of the order of 100 MeV.

The masses of the py_ molecular states with the isos-
pins /=1 and 3 are 431739 MeV and 4.33*3% GeV, re-
spectively [16]. The P.(4312) can be assigned as the Py,
molecular state with the isospin I = §, while the molecu-
lar state with the 7 =% (or P.(4330)) has not been ob-
served yet. For example, the uncertainty of the mass
5="0%GeV leads to the uncertainties *5%)*MeV and
0232 MeV for the partial decay widths T(P" — J/yA) and
I'(P" — n.A), respectively, which are too large. We dis-
card them, as the central value of the mass of the
P.(4330) corresponds to that of the P.(4312), and we take
the central values in calculating the decay widths. Ac-
cording to the calculations of the QCD sum rules, the un-
certainties of the masses and pole residues also come
from the uncertainties of the input parameters at the QCD
side, including both the uncertainties of the hadron
masses and the hadronic coupling constants suffering
from doubling counting.

In Ref. [26], we choose the current which does not
have a definite isospin. Contributions from both the
I=1/2 and 3/2 molecular states exist with J* = {, as
the mass-gap between the /=1/2 and 3/2 molecular
states are very small, and they have almost degenerated
pole residues, so it cannot make much difference in as-
suming that they are the same particle, if only numerical
values are concerned. For the partial decay widths of the
P.(4312) - n.N and J/¥N, the predictions in Ref. [26]
and in the present work are almost degenerated.
However, we should bear in mind that the P.(4312) and
P.(4330) are two different particles and have different
isospins. Even if they have degenerated masses and pole
residues, we still want to distinguish them and obtain
flawless predictions.

In Ref. [38], we take the P.(4312) as the diquark-
diquark-antiquark type hidden-charm pentaquark state
with the J* = 1". We investigate the partial decay widths
with the QCD sum rules, and observe that the partial de-
cay widths of the P.(4312) —» n.N and J/¥N are compar-
able, which differ significantly from the predictions in
Ref. [26]. We can search for the decay mode
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P.(4312) - n.N and precisely measure the branching
fractions to distinguish the pentaquark and molecule as-
signment.

V. CONCLUSIONS

In the present study, we investigate the strong decays
of the P.(4312) and its possible higher isospin cousin
P.(4330) considering the conservation of the isospin. The
hadronic coupling constants in the four decay channels
P.(4312) > 5. +N, J/W+N, P.(4330)>n.+A, and

J/y+ A are calculated in detail via the QCD sum rules.
Then, we obtain the partial decay widths, among which,
the partial decays P.(4312) — J/¥N and P.(4330) — J/YyA
almost saturate the total decay widths, and the width
Tp,u312 = 10.897807MeV is in very good agreement with
the experimental data 9.8+2.7*3I1MeV from the LHCb
collaboration, and supports assigning the P.(4312) as the
Dy, molecular state with the isospin |/,15) =13,3). The
observation of its isospin cousin P.(4330) with the
II,I;)=13,1) in the J/yA mass spectrum could shed light
on the nature of the P, states.
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