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Abstract: In the present work, the strong decays of the discovered P.(4380), P.(4440), P.(4457) and their pos-
sible isospin cousins are systematically studied via the assignment that they are meson-baryon molecular states. In

detail, the strong decay constants and partial decay widths of their decay channels are calculated under the frame-
work of QCD sum rules. The decay widths of the discovered P.(4380), P.(4440), and P.(4457) are in good agree-
ment with the experiments. The predictions of the decays of these three related possible isospin cousins are presen-

ted, which would shed light on their findings in experiments. In return, this may testify to the assignments of the dis-

covered P, states.
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I. INTRODUCTION

So far, the LHCD collaboration has discovered the fol-
lowing exotic P, states composed of five valence quarks:
the P.(4380), observed in 2015 through analysis of the
A) = J/yK p decays [1]; the P.(4312), P.(4440), and
P.(4457), found in 2019 in the J/yp mass spectrum [2];
and the P.(4337), in the J/yp and J/y¥p systems in the
B% — J/ypp decays [3]. It is worth-mentioning that the
P.(4380) has neither been confirmed nor conclusively ex-
cluded in subsequent investigations. For the P.(4337), it
is difficult to assign it as a molecular state due to a lack of
nearby meson-baryon thresholds; furthermore, its exist-
ence still requires confirmation. The strong decay of the
P.(4312) has been fully analyzed in Ref. [4] by our
group. Thus, the present work focuses on the strong de-
cays of the observed P.(4380), P.(4440), and P.(4457). It
should be noted that the P.(4380), having a broad width,
remains a controversial subject, as its existence was
neither confirmed nor refuted in the updated analysis. In
2019, a clear signal for this state was not observed in the
J/yp mass spectrum by the LHCb group [2]; therefore,
its existence needs further experimental confirmation. In
the present study, we still treat it as the 'P.(4380)' state
with the mass and width proposed by LHCb in 2015 [1]
for the systematic study of these discovered P, states un-
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der the meson-baryon molecular picture. Moreover, the
predictions of the decays for this controversial state, de-
rived in the present work, may provide a reference for its
further experimental confirmation in the future. The
Breit-Wigner masses and widths of the P.(4380),
P.(4440), and P.(4457) are listed in [1, 2].

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

P.(4440) :M = 4440.3 +1.3*1MeV,
I'=20.6+4.9"% MeV,

P.(4457) :M = 4457.3 £0.6"1 MeV,
['=64+2.0"7]MeV. (1)

Via the experiments [1, 2], one could determine that the
isospin of P.(4380), P.(4440), and P.(4457) is 1. Since
the spins and parities of these P, states have not been
definitively determined experimentally yet, theoretical
groups have different arguments about their physical
natures, which will surely deepen our understanding of
the non-perturbative behavior of strong interactions. This

is still a hotly debated and open question. Based on the
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fact that the masses of these P. states are just below the
thresholds of the (D™ pairs, a typical interpretation is
that they are the S-wave hidden-charm meson-baryon
molecules [5—19]. Another typical assignment is that they
are the compact pentaquark states [20—28]. In the mo-
lecular picture, it is widely accepted that the J* of
P.(4312) is 5 . The divergences mainly come from the
other P. states; for example, P.(4440) and P (4457) are
assigned as the £.D* molecules with J? being 3 and 3
in Refs. [5, 29, 30], respectively. However in Refs.
[31-34], their J* are attributed as > and 3 , respect-
ively. As for our argument for the P.(4312), P.(4380),
P.(4440), and P.(4457), considering these P. states were
discovered in the J/yp invariant mass spectrum, their
isospins should be 7= via the conservation of the isos-
pins in the strong interactions [39]. Thus, we constructed
currents with high and low isospins for the first time to
interpolate the hidden-charm P. states under the frame-
work of the QCD sum rules to avoid pollution between
high and low isospin states. The study nicely assigns the
P.(4312), P.(4380), P.(4440), and P.(4457) as the DX,
DZ* D*ZC, and D*E* molecular states with their J© be-
ing 3,2 ,3 ,and 3 , respectively. Moreover, four high
isospin cousins of the P.(4312), P.(4380), P.(4440), and
P.(4457) are predicted as the DX, D!, D*Z, and D*%;
resonance states. For more insights on these P. states,
one can check the relevant reviews in Refs. [35—38]. Mo-
tivated by these heated debates regarding the nature of
these P, states, we turn our attention to their strong de-
cays and try to find more information to determine their
natures.

The mass and width are two basic parameters to de-
termine the physical nature of a hadronic state. Many the-
oretical groups have applied different methods to study
their masses [5—13, 20, 21, 39—41] and strong decays [19,
29, 30, 42—45] under the physical picture of meson-bary-
on hadronic molecules. For the strong decay, the isospin,
spin, and parity should be conserved; different 7J* result
in different decay modes. In our previous work, the
masses of the observed P. and P, are studied by clearly
differentiating the isospins of the currents interpolating
the exotic states for the first time in a comprehensive way
[39, 46]. Results show that the mass of the high isospin
state is several dozen MeV above that of the low one,
which is solid proof of the necessity to differentiate the
isospins to avoid pollution between the high and low isos-
pins in studying these P, and P, states. Hence, the neces-
sity to study the strong decay of the possible high isospin
cousins of these P, and P., is also obvious. Their obser-
vation in the predicted decay modes would shed light on
the nature of the P, states in return. Furthermore, the J*
and pole residues are also derived [39, 46], ready for the
present work to study the strong decays.

The article is arranged as follows: The QCD sum
rules for the strong decays of P.(4380), P.(4410),

P.(4440), P.(4470), P.(4457), and P.(4620) are derived in
Sect. 2. The numerical results and discussions are presen-
ted in Sect. 3, and Sect. 4 is reserved for the conclusions
of the present study.

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

Following the results derived in Ref. [39], the
quantum numbers «(/,J") of the P.(4380), P.(4440), and
P.(4457) are (3.3 ), (3,3, and (3.3 ), respectively. The
three possible corresponding isospin cousins of P.(4380),
P.(4440), and ‘P.4457) are P.(4410), P.(4470), and
P.(4620), with their (1,J) quantum numbers assigned as
(3,29, (3.37),and (2,2 ), respectlvely The (1,J%) for N,
A, 1., and J/y are (3.3 ), (3.3 "), (0,07, and (0,1°), re-
spectively. Considering the conservation of isospin / in
the strong decays, the following decay channels are stud-
ied in the present work.

P.(4380) — n.+N,
P.(4380) — J/Yy+N,
P.(4410) — n.+A,
P.(4410) — J/Yy+A,
P.(4440) — n.+N,
P.(4440) — J/Yy+N,
P.(4470) — n.+A,
P.(4470) — JlYy+A,
P.(4457) — n.+N,
P.(4457) — J/Yy+N,
P.(4620) — n.+A,
P.(4620) — J/y+A, 2

where the proton is marked as N to avoid confusion with
the four-momentum p,. The currents 7, (x), Jyy.(x),
INX), Taw®)s Tpau(X)s Tryp(X)s Tpeu(X)s Tppu(X),
Jppw(x), and Jp, . (x) are applied to interpolate the 7.,
J/y, N, A, P.(4380), P.(4410), P.(4440), P.(4470),
P.(4457), and P.(4620), respectively. For convenience,
P,.r are used to represent the states P.(4380), P.(4410),
P.(4440), P.(4470), P.(4457), and P.(4620), respectively.
The mentioned currents are expressed as follows:

I () = c(0)iysc(x), A3)

T u(%) = c(x)yuc(x), 4)
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In () = ™ u" ()Cyau! (x)y"ysd“(x), ®)

| :
Tau(x) = @sliku’T(X)Cnu’ ()" (x)

+ \/ggijkuiT(x)c,y#dj(x)uk(x)’ 6)
Tpau(x) = %E(x)i%u(x)sijkuiT(x)Cyﬂdj(x)ck(x)
— \/gé(x)iysd(X)EijkuiT(X)nyuj(x)ck(x)’ (7)

2 L .
jplg,,u('x) = \/;E(x)i'}’SM(x)Sl'/kulT(X)C’y#d"(x)ck(x)

+%E(x)ind(x)sijkuiT(x)Cyuuj(x)Ck(X)’ )

Tre) = %a<xmu(x)s”"u”(x>Cyvdf<x)yVysck<x>

- \/g e(x)y,d(x)e™ u" (x)Cy,u! (x)y ysct(x),
Q)

2 o .
Trpu(x)= \/;E(X)YpM(X)E”ku'T(x)Cyvd] ()" ysck(x)
ik, T

O Cy ! (xX)y ysc (x),
(10)

+ %E(x)y,,d(x)e

T pppr(X) = %E(X)y,,u(X)si”‘uiT(X)C%dj (x)c*(x)

- \/gé(x)yﬂd(x)si"‘u”(X)C%uj(x)ck(x)
+(uev), (11)

Tpp(X) = \/gf‘(x)nM(x)eijkM[T(X)nydj(x)ck(x)

+%E(x)y#d(x)sijku"T(x)Cquj(x)ck(x) (12)

Fo ),

where C is the charge conjugation matrix, /% represents
the antisymmetric tensor, and i, j, and k are the color in-
dices. Following previous works, the three-point correla-
tion functions in the QCD sum rules are constructed to
study the related strong decays.

IL.(p.q)

=2 /d4xd4yeip‘xeiq<>’(0|-|— {jm. (x)jN(y)jPA#(())} 0Y,

(13)
Hy{,Z(p’ q)
=2 / d* xd*ye"* e O T { T 1. DTN DT £, u(0) } 10),
(14)
H/JX,3 (P, CI)
:P/fﬂﬁ@wwwwwju@JM@ﬁAAmﬁm’
(15)
Hy/\/{,4(p7 q)
£ / d*xd*ye” e OIT { T sy e (DT 0 DT 25,4 (0) } 10).
(16)
Hy,S (P’ q)
=i /d4xd4yeip‘xeiq‘y(O|T { T OINDT p,(0)}10),
(17)
IL6(p.q)
=i /d4xd4yei"”‘eiq‘y<0|T {T 10 COINNT e 1 (0)}10),
(18)
Hy/\/](p’ q)
=i /d4xd4yeip‘xeiq‘y<0|-r {0 DT 34T 2y (0) }10),
(19)
Hy/\/{,g(p’ q)
=i / d*xd*ye" e O T { T s e )T aae DT £ u(0) }10) .
(20)
Hyv,9(p’ C])
:ﬂ{/fufwwnﬂme{zﬁmjw@thdm}W%
(21
Hpv{,lO(p’ q)
=i / d*xd"ye e OT {11y, COTN )T b (0} 10,
(22)



Xiu-Wu Wang, Xin Li, Zhi-Gang Wang

Chin. Phys. C 50, (2026)

Hyvx,l 1 (177 ‘I)

=i / d*xd*ye” " 01T { T (DT 0. DT 10 (0) } 10)

where T is the time order operator, and i = —1. On the
hadronic side, the complete sets of intermediate hadron

states with the same quantum numbers as the currents

(23)
T ), Tippp®), In®), Jau(x), and Jp, .(x) are
yz12(p, q) routinely inserted into those three-point correlation func-
2 / d*xd*ye? e O { T 11 OT sy DT b (0} 10), tions, and the contributions of the ground states are isol-
(24) ated. Thus, the correlation functions on the hadronic side
are given by
fa u(@u()iysUa(P)Uu(p))p"
H , — (7 /l /l X a H cee 25
/J,l(p 51) 2mc NAP,8n.N,1 (m ] _p’z) (m§L _pz) (m%v_qz) ( )
—i (@@ Uo(pHU,(p)e(p)e™(p)
M 2(paq) = firgmyguAndn, — SN2 EVBATZ0TP Il S0P 2P . (26)
mp, = p?) (mW—p ) (mN—q )
fam u (@ig(UP(p) Uu(p")
I, 3(p.q) = - = Aadpygnons3 . - t-e, (27)
. 2 Y (o = ) (o, =) =)
u (ig(@)y v Usg(p)H U, (p)e(p)e* (p)
W a(Pa@) = fr1umipyAndpy&upuns - = ' oo (28)
ine vty 58S/ (m%B _p,z) (mg/w _pz) (mi _qz)
famy, u(@)i(q)iy’ U (p)U(p")p”
I,5(p.q) = = ANApc&yon;5 z +--, (29)
g 2me N (mp = p?) (m2 — p?) (my—q?)
wu(@ia(q)Ua(p)U,(p)e(p)e™ (p)
L 6(P.q) = = frumyy ANAp & rruns ’ T (30)
g T (i = p) (3~ ) (i - 0?)
fa i, (@)its(q) U (p")U,.(p')
T 7(p.q) = " Az Ap, 8, e - o 31
ux,7(p 61) 2mc A PngA,7 (m _p,z) (m%( _pz) (mi —6]2) ( )
w (g @)y Yo UP(pHU,(p))e(p)e™ (p)
Mye8(P,q) = frrmuuAsdp,grns - = ' o (32)
" ’ (3, =p?) (3= p) (m3 — )
V2 f,m; —iu(@)i(q)Uop(p) U, (0 )P" 1P*
yo(p.q) = ———AnAp,&yno ob - +--, (33)
: e N G ) (0, =17) (=)
@)y ¥, Uap(P) U, (P e ()™ (p) p* PP
Hv,m(P,CI):‘/Ef/m//l/l 8JuN,10" ’ +-, 34
vt Iy AN AP 81jyN. (m%E_pQ) (ma/w_pg) (m%,—qz) (34)
\2f, m? —iu (Qu*(q)Y’ Uup(p) U, ()P’
Iy 11(p,q) = #ﬁAﬁ F8ncAl1 £ & - +ee, (35)
. e N =) =) ()
u (DI (@) Yo Uea (U, (p)e(p)e™ (p)p”
e 12(p,q) = ‘/Efj/wmj/wflAflPFgf/sz,lz' PTGV~ gl P )P 50D PP, ... , (36)

(mb, = p?) (13 = P?) (M3 =)
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where u(q) is the Dirac spinor; u,(q), U,(p’), and U,,(p") are the Rarita-Schwinger spinors; and &, represents the polar-
ization vector of the J/y. They follow the equations:

> ul@y(g) =q+my,
_ Ya¥v | 2Guqy QY =4,
zuu(Q)uv(q) =q+mA) <_guv+ g + 3;2 - ”3 \/? H) 5
NFT (N — 6 Yy PPy Py PV
zs: Uy(p )Uv(p ) - g +mPA/B/C/D) ( guv + 3 + 3p,2 3 \/F > s (37)
r 7 g @ ’ ~V ’ + g / ~V&’ ’ g vV / NQ/ !
S U0 0p D) = +mp,,) {gu (P3P : 8us(P)8va(P') _ B )Sg p(P")
1 YuPo=YePy PuPe\ . ., 1 YoPo=Yaly  PvPu \ = ..
T <~m’a+ Nz T Bu(P) = 15 | Vet Nz ~ 8us(P")
1 YuPg=VeP, PuPg\ . ., 1 YWPp=VePy PPg\ . }
~ TA - va . Py v - @ 38
10 <7}17ﬁ+ \/p p,2 8 ([7) 10 Y yﬁ+ \/p p,2 8u (P) ( )
where guw(P') = guw — p;%’ eu(p)ENP) = =80 (p), Ay and Ay M(PIMQIPs(P)) = —igyasiis(@UP (p'),
are the pole residues of the N and A baryons, respectively, ~(1/y(p)A(Q)IPs(p')) = igsuasi@)ysyaUs(p )™ (D),
Ap, » represents the pole residues of the states P.(4380), 14
P.(4410), P.(4440), P.(4470), P.(4457), and P.(4620). Jae (42)
and fj, are the decay constants of the 7. and J/y
mesons, respectively. g, v.i/s0 and gynajs10 denote the M(PINIPc(P")) = igynsi(@)iysUa(p)p”, 43)
strong decay constants for the  decay channels N _ N
Prcir— N and Pacp— JWN of the P.(4380), U (PIN@IPc(P) = —igiunst(@Ua(p)e™ (p),
P.(4440), and P.(4457), respectively. ‘g,a371 and
giunaszn2 are the strong decay constants for the decay M(PANDIPD(P)) = —igyaziis(@UP(P'),
channels PB/D/F i UCA and PB/D/F d J/lﬁA of the J A P AV ﬁﬁ Ua(p)e®
P.(4410), P.(4470). and P.(4620). respectively. As Y DMDIPp(P")) = igruasit (@)ysyaUs(p)e™ (p),
shown, P,.r represent the above six P, states. The listed (44)
constants are defined as follows:
M(PIN@IPE(P)) = grnoi(@Uap(p )P PP
OTVOIN@) = Aulg)., I PN@PEP)) = 8jon10i(@iysy, Uasp )" PP (p),
(01T 2 (0)IA(@)) = Anut,(q), (45)
OT s OT/HPI = frrumaut. (39)
Fum?, (PAQIPFP)) = = igyan i (@iysUys(p)p,
Ol 5. O)lne(p)) = om. JIW(p)A N\ _¢ , w1
c DADIPr(P)) = igiya it (@)ysUs (PP e™ (p),
(46)

<O|j-PA/B/C/D,u(O)W)A/B/C/D(p’)) = /lPA/B/C/D Uu(p,),

Ol P OPEr(P')) = \/E/lpw Un(P), where m,, m,,, mjy,, my, ma, and mp, , are the masses of
(40) the charm quark, 7., J/y, N, A, and P,._r, respectively.
The states |n.), |J/¥), IN), |A), and |P,.r) denote the
) ] ground states of ., J/¥, N, A, and P4, respectively.
M(PIN@IPA(P)) = igyn1it(@)iysUa(p")p”, The correlation functions at both the hadronic and
W PIN@IPAD)) = 811un2 @) Ua (P (D), QCD sides are matrices with complicated structures in
@ the Dirac spinor space. It is reasonable to consider that
the two sides should match each other, namely,
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Iy (p,q) = Hocp(p.q). In the framework of the QCD sum
rules, the decay constants should not depend on the de-
tailed structures. For example, the same decay constants
are derived via different structures in Ref. [4]. The equa-
tions Tr[l1y(p,q) Tl = Tr[llgcp(p,q)-T'] are applied to se-
lect the detailed structures, where I' is some chosen
y—matrix in the Dirac spinor space. The selected struc-
tures for both the hadronic and QCD sides are expressed
as follows:

1 (p.@) - 158 (P) = Th(p™, P*. 4" Wy + -+ .
W 2(p. 92 (P) = Tha(p”, P, g+ »
Wy 5(p, D2 (P) = Ts(p™, PP WGy + -+
4P @3 (P) = Ta(p”, PP, "W qu 8o + -+
I,5(p.q) - 158 (P) = Ts(p”, P*. 4" Wy + -+ .
W 6(p P8 (P') = Te(p, p*, 4" Vv + -+ »
Iy 7(P. )8 (P)) = Tl (p”. P*. WG gy + -+ -
W8P, &up) = Us(P, P, W8+ »
(P, D)81p(P)&ve(P) = To (P, p*, 4 W Gpr + -+
10(P- @) Y58 (P DB (P)) = Tho(p™, PP, WG 8pr + - »
1122 @) - Y580 (P 8o (P) = Ty (07, PP P WMy 8 + - »

Huvx{,lZ(p’ ‘I)gup(P,)gm(P,) = le(P,z’Pz, 42)MQXQ£gp(r+' o
(47)

For the J* = 2, the two-point correlation function de-
termined by the current Jp, v (x) or Jp, v (x) on the had-
ron side can be written as follows [38]:

le’ +m_ {guagvﬁ + gﬂBgWY _ gyvgaﬁ
m2 —* 2 5

1 Yulo=Yaly  Pile
<7Wa+ . - )

_E /p/2 p

Hﬂvaﬁ(pl) = 21%

2
f,,( m,h,/lN/lPA &neN,1

i . m
exp| — —exp| —
2m.é mp, 2 T?

é‘: Te

/Sgc 4 /S% dpy (o) ( s u )
= S Up(S,U)Xp\ =75 — 75 | »
4m?2 0 le T22

/i T/ AN AP, 81un,2

2
¢ nMp,
¢ -m3,

£T?

e {exp (—mg/lﬁ) —exp (_m,,
) T? éT

2
P

YvPo=Yal, PyPa \ 5
I LAt
-2 - AN YWY 2p:’p23
e 7 {pﬂp"( SN T W
p:/’}/ﬁ_pzf’yl’) :| —Zl/-’-m* VAN
—— = )4+..-|+h +e,
3 \/p 1 m2 _”,2pﬂpvpal7ﬁ

where we have already selected the negative parity, the

items containing the parameters f’ 3 and h; are the com-
1
and =, re-

5 1
'gvﬁ_ﬁ (71/701"’

#=m

(48)

ponents coupling to angular momentum 3
spectively. Obviously, ¥ p; p, =0 and Fsp.pypopp =0,
where F3 =2,,(p")85(p’) is the projector used to obtain

the component of the correlation function with angular

momentum J = 5 One could easily find that the project-

or forJ = 5 can be setas F3 = g.,(p').

On the QCD side, the Wick theorem is applied, and
the correlation functions are then expressed in terms of
the full propagators. Followed by the operator product ex-
pansion, the traces are performed, and the selected tensor
structures are chosen. Thus, I1,.,,(p”?, p*,q*) are derived
on the QCD side. Since p’ = p+¢ for the strong decays,
considering the expressions of the correlation functions
for Eqgs.(25-36) and taking Eq.(25) as an example, it is
impossible to deal with the correlation function strictly
with the denominator [m}, —(p+¢)*] (m2, —p?) (my —4?).
A similar situation occurs for the correlation function on
the QCD side. p? is approximately set as 51272, where ¢ is

2
a parameter. One can show that 0 <¢& < iz +2. For the

2m3, )
decay P.(4380) »n.+N, 0<&< pen +2, and €& is set as
2 Ne

m

m71\; +1. Following our previous works [44, 47—52], rig-
orous quark-hadron duality below the continuum
thresholds is assumed, and the double Borel transforma-

tion is performed. The QCD sum rules for the hadronic
coupling constants are given by,

2

m
oo (-7
2

(49)
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[ f (-5
= Ky upP (S, U)eXp\ ——5 — -5 | »
4m? 0 Tl2 Tz2
mZ/l P m2 m2 2 m2 2
f'lr A Pp8ncA3 . K3 exp (- 7; —exp| - Plzs exp <—m7§)+C3eXp _ ’g_mig
2m.€& mp, 2 T; &T, T; Ty T;

é‘: e

/Sgc d /Sg d ( ) ( S u >
= s ups(s,u)exp|\ - - |/ »
4m% 0 T12 T22
A m> m3 2 m? 2
Sy AsAp,8ipns _ Ky exp [ - Jgp —exp | - P; exp (_ﬂg) ¥ Cexp | - Jéw _ mfg
& Mp, 2 T; &T5 T, T; T;

—-mj,
é: v

[0 woismon(-7e-2)
= ) up4(s,u)exXp\ - — = | »
4m?2 0 T12 T22

Sy AnApcgnns K { ( m, ) < m, >} ( mlzv) ( m, m12v)
—= exp| ——5 | —exp| — expl —75 | +Csexp| ——5 — =
2m.& mp. - T? ET? T? T? T?

[ [ st (35
= S UPs(S,U)XP\ =75 — 75 | »
4m?2 0 T12 Tz2
A m> m> 2 m> 2
Jrumau AnApc8iuns i Ko exp [~ ) —exp [ -2 | Lexp (_ﬂg)+cﬁexp _ Jéw_”izv
& Mp 2 T; & T; T; T3

~mj,,
é /

[ oo s (5 5)
= ) UpPe(S,U)eXp\ -5 — 7 | »
4m?2 0 le Tz2

m2 AnAp,gn. m? m? 2 m’ 2
Jucty AsAro8rcaa 5 al exp| — % | —exp| ——2 ) texp (—m—§> +Crexp | ——5 - m—?
g mp, T: £T; T2 7 T3

4 s u
= ds/ dup(s,u)exp (—— - —) s

1105 AnApy 8 g Kg "y, mp, < my ) My m
exp| —> | —exp| - exp|—75 | +Csexp| ——=5 — =
é mp, T} 7 T3 T T3

—-mj,
f /

[ fFomionol-3)
= Ky upg(S,U)EXp\ == — 7> | »
4m§ 0 T12 T22
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(53)
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(55)

(56)
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Jnemoy AN AP, 8noNo

N, \/§K9 mizj m
exp| - —exp| -
2m.¢ mp, 2 T}

é‘: e

/3'30 4 /S‘é p s u
= K upy(s, u)exp (————) s
4m? 0 Tl2 Tz2

J119m i AN AP 811,10

: EL ex ——mgw —ex _man ex <—m—’2"
¢ m, L TP\ ) TP e ) s

[0 [ amien(-3)
= S upo(S,U)eEXp\ =75 — 7 | »
4m? 0 T12 Tz2

V2« {exp ( m2
Mp, T12
- m’h‘
&

sg(? XX s u
= ds/ dupy(s,u)exp (————) s

Jae m,z,(. ArApp&noai
2m.é

J119m i Andpp g w12

\/EK 12 m3/¢, m%)F mi
> exp| ——5 | —exp| — = exp| -5
3 mp, 2 T &y T;

¢ My

Am ds/ dup,(s,u)exp <_F - T2) s

where,
mymp, [4(m} T—m3)+8m; ]
K1 =
3m; &
(m} T+ my)[2(m; T —my) +4m;, ] 61)
3mk &
and
Im, Im, TTz(p"?, s + i€y, u+i
07(s,u) = lim lim m, Im, Tl (p", 5 +i€; u+|€1), (62)

6—0 ¢, —0 T 2
The spectral densities at the QCD sides, I1,, are the cor-
relation functions at the QCD sides selected from the cor-
responding structures in the same manner as the hadronic
sides, where Z = 1 ~ 12. The parameters «,.j, are listed in
the Appendix, while the complex expressions of the spec-
tral densities at the QCD sides are omitted. The C,.1, rep-
resent unknown parameters determined through numeric-
al calculations to achieve flat platforms [44, 47-52]. To
illustrate the origin of these free parameters, we consider

5721:; ) } exp <— Tzz ) +Coexp <_”;:21; B r;?)
(57)
) +Coexp <_ng1£'” _ ’;izv)
(58)
mPF 2 m%( mi
fo)}exP( T2)+C“exp< 72 ‘T2>
(59)
myy, my
) + C2exp (_le _ T22>
(60)

[
the decay channel P.(4380) — 5.+ N as an example. By

applying the triple dispersion relation, the correlation
function I, at the hadronic side is expressed as follows:

H,u,l,H(p’z,p2’q2)
=/ ds'/ ds/ du
A2 A2 2 (-

where A2, A2, and A? are thresholds. We introduce the
subscript H to denote the hadron side. On the QCD side,
the double dispersion relation is applied to acquire,

pu(s',s,u)
POs—pHu-q*)’

(63)

PQCD(P s,u)
IT , = d du 64
QCD(p P Q) / S/ (S pz)(u q2) ( )
as
ImII ’ . 2 2
ling mlIlycp(s’ +i€, p°,q°) —0. 65)
€— b/

Obviously, the triple dispersion relation on the hadron
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side cannot match with the double dispersion relation on
the QCD side. The integral over ds’ is carried out first,
and then the hadron side is matched with the QCD side
below the continuum thresholds to acquire rigorous
quark-hadron duality [47, 48].

pocp(p?, s,u)
/ ds/ e Y-

] [

where s, and u, are the continuum thresholds. Then, the
free parameter C; is introduced to parameterize the con-
tributions of transitions between the higher resonances
(continuum states) in the s’ channel and the ground state
conventional meson-baryon pair. It is written as,

C] 2/ ds’
s

where s, is the continuum threshold parameter for the
ground state, py(s’,m; ,my) is the formal hadronic spec-
tral density for transitions between the higher resonances
(continuum states) in the s* channel and the ground state
of the meson-baryon pair n.N. For the hadron side and
QCD side of the spectral density below the continuum
thresholds s, and u, in the s and ' channels, there is a
one-to-one correspondence, while in the s’ channel, there
is no corresponding counterpart on the QCD side. Experi-
mentally, the spectroscopy of the hidden-charm
pentaquark states has not been established yet, making it
impossible to determine its explicit expression at this
point. It is reasonable to introduce a free parameter C; to
parameterize the contributions involving the higher res-
onances (continuum states) in the s' channel, which res-
ults in model dependence. At present, we have no choice
but to accept this model dependence, and this is also why
we set its uncertainty C; to zero. The correctness of this
approach depends on further experimental progress. For
more detailed discussions, one can consult Sect.7 in
Ref.[38].

pu(s’,s,u)
P —pHu—q*)

(66)

pi(s' . m3)

(v ) (- ) ()

(67)

III. NUMERICAL RESULTS AND DISCUSSIONS

Based on the detailed expressions of p;.;,, the numer-
ical calculation is conducted. As for the vacuum condens-
ates on the QCD side, the standard values are applied,
which are listed as (gg) = —(0.24+0.01 GeV)?, (Gg,0Gq) =
mi(qqy, m§ = (0.8+0.1)GeV?, (£GG) = (0.33GeV)* at the
energy scale u = 1GeV [53—56], and the value of the MS
mass m.(m.) =1.275+£0.025GeV is applied from the
Particle Data Group [57]. The energy-scale dependence

of these parameters is written as follows:

(1GeV)] 757
(@)W = (Gg)(1GeV) [M} B

()
2
7] — a(1GeV) | 527
(qg,0Gq) () = (Gg,0Gq)(1GeV) {7} ,
a,(u)
12
() | =
me() = me(m,) { (v } ,
s(m.)
_ by logt bi(log’t—logt—1)+bob,
as(ll) b2 4 >
bol b t bir
§ 33 -2n; 153~ 19n;
where t:log a s b0: -f, lzizfe
ocD 127 247
5033 325
2857~ =5~y + ot
b= 12873 , and Agcp =213 MeV, 296

MeV, 339 MeV for the flavors n;=5,4,3, respectively
[57, 58], and n, =4 for the strong decays of the present
study. For decay products containing n.(J/¢), the energy
scale p = 1m,, (3my,), respectively [44, 59].

The masses of the states P4, Pc, and P obey the ex-
perimental data, set mp, =4.380GeV, mp. =4.410GeV,
and mp, =4.457GeV [2]. The masses of the states Pp,
Pp, and Py follow our conclusion in Ref. [39], and set
mp, =4.410GeV, mp, =4.470GeV, and mp, = 4.620GeV.
The masses of 7., J/y, N, and A are from the Particle
Data Group [571, taking my,, =2.984GeV,
my, =3.097GeV, my =0.938GeV, and m, =1.232GeV.
The values of the decay constants of the 7. and J/y fol-
low the results in Ref. [60], choosing fj,, =0.418GeV,
fr.=0387GeV. For the pole residues, Ay =3.20X
102GeV® [61], Ay =7.63x1073GeV? [4], Ap, = 1.97x
107 GeV®, Ap, = 1.24x 1073 GeV®, Ap. =3.60x 107> GeV°®,
Ap, =2.31x1073GeV®, Ap, = 4.05x 1073 GeV®, Ap, = 2.40x
1073 GeV® [39]. For the threshold parameters, they are set
as =3.50GeV, /5% = 1.30GeV, /5%, =3.60GeV
[44], and /53 = 1.61GeV [4].

Until now, the strong decay constants could be nu-
merically solved as gy = gy(T7,T7), which rely on the
corresponding free parameters C;.;,, where Y represents
the twelve different decay constants. One could determ-
ine the free parameters via the "flat surfaces" of
gy(T?,T?) among the Borel windows [4]. As analyzed, it
is straightforward to set T? = T3 = T* for simplicity [44,
51, 52, 62]. Furthermore, the Borel platforms of each
coupling constant are determined under the same inter-
vals of the Borel parameters T2, setting
(1%),..—(T?),. =1GeV>. The free parameters are listed
as follows:

0
s’h-
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2.5140x 107~ +1.0559 x 10°T?) GeV'"’,
1.6400% 107 +5.0840 x 107'7%) GeV’,
2.4000x 10 -2.2080 x 107°7T?) GeV?,
1.3250% 107° +1.0998 x 10'T% +3.5113x 10°T*) GeV'’,
3.6080x 107" —2.4174x 10°T?) GeV'’,
6.3488x 107°+4.1775x 107'T?) GeV”’,
3.6960x 107* —3.3264 x 107°T% + 1.0349x 107'T*) GeV®,
5.3440x 107" +8.7642 x 107°T* = 4.1790x 107'T*) GeV'?,
5.0000x 107 +2.5000 x 107°7 +4.0000x 107'T*) GeV'",
2.0000% 107* —3.4000 x 107°T?) GeV'’,
3.5405x 107+ 1.4516 X 107'T% - 3.8946 x 107°T*) GeV'?,
1.2240%x 107" = 7.3440 x 107'T% + 3.4272x 107°T*) GeV®,

CIO -

= (-
(-
(-
(
(-
(-
= (-
= (-
= (-
(
= (-
= (-

where T in the above expressions of C;.;; have no units.
Considering the numerous input parameters for the nu-
merical calculation of the strong decay constants, their er-
ror bounds are somewhat complicated. The approxima-

0dp _ 0dp _ O6An _ 0N _ Ofiy _ Sfn
tions —— = = =

AP /lp/ AA /lN T/
estimate the uncertainties [52, 62], and the uncertainties
of the mp, , are neglected to avoid over-evaluation. Fur-
thermore, the error bounds due to the uncertainties of the
free parameters 6C;.;, are disregarded [44, 51, 52, 62].
For instance, in the QCD sum rules of Eq.(49), the uncer-
tainty of the decay constant satisfies,

are used. to

fmmg/lN/lPAgmNyl K1
2mel @_ 2
& e
) -ee (i) oo ()
ex —exp| - expl ——
Y T2 P T? P 72
(e B, o )

fnl Ap, 8neN,1
S?](‘ S(,i/ s u

=6/ ds/ dup;(s,u)exp (————) s
4m? 0 le T22

Until now, there is no perfect way to deal with com-

O MN (MPA 6g"‘N1 . To find a
/lN /113

practical way to address the uncertalnty of the strong de-

cay constant strictly, the approximation

6f77 6/171\’ _ 6/1PA _ 6gm

fr/ An /1P N 8&neN,
gn.n,1 18 derived as follows

(68)

plex items like

is applied. The uncertainty of

1
O8N = 1 Z [gm-N,l(xi +0x;) _gm.N,l(xi)]z,

i

where x; are the input parameters due to the vacuum con-

densates (gq), (gg,0Gq), and m.(m.), and 8x; are their un-
certainties. The reason for neglecting the uncertainties of
masses such as mp,.r, m,,, and so on, to avoid over-eval-
uation, is then obvious, since their uncertainties also stem
from these input parameters x; within the framework of
QCD sum rules.

Accordingly, the graphs of the decay constants are
shown in Figures 1 through 6, and the extracted values of
the strong decay constants are listed in Table 1. The re-
lated decay widths are as follows:

L= 3077 S bapo 1 1)

8(2J + l)ﬂmPA . (69)

where J is-the angular momentum of the states P, m;
and m, are the masses of the decay products,

a2 —(b+c)? \a?—(b—c)?
S(a,b,c) = 5 ,and 7., are the decay ver-

tices listed on the left sides of Eqgs. 1'%, Take the decay
channel P.(4380) — n.N for example, where m; =m,,,
my=my, J=3, and T = (n.(p)N(@)|Ps(p")). The decay
widths I'y.r of the P,.r are determined as follows:

[y =158.86"25 MeV,
I3 =98.35"13MeV,
Tc=17375%MeV,
I'p=126.88"275MeV,
[z =56308MeV,
['r=7754" Y MeV.

The ratios of the partial decay widths of the P45 are

I'[P.(4380) — n.N]

[[P.(4380) — J/yN] 28.53,
[[P.(4410) — nA] _ 130
['[P.(4410) = J/yA] ’
[[P.(4440) > 7.N] _ 0.56
[[P.(4440) - J/yN]
[[P.(4470) - nA] _ 0.68
[[P.(4470) — J/yA] ’
[[P.(4457) - n.N] _ 0.84
T[P.(4457) — J/yN]
[[P.(4620) - nA] _ 029

[[P.(4620) — J/yA]

Results show that the decay widths of the discovered
P.(4380), P.(4440), and P.(4457) are in good agreement
with data proposed by the LHCb [1, 2]. Particularly, for
the wide width P.(4380) state, the main decay channel is
P.(4380) — n.N, which contributes nearly 97% of the
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Table 1. Here is the revised text: The hadronic coupling constants extracted from the Borel windows and their corresponding decay
widths are
gz T2 (GeV?) Values Corresponding decay widths (MeV)
SneN.1 50-6.0 2.891004 Gev-! 153.48+419
0.66 11.96
8JjyN2 6.5-17.5 0.60*7¢0 5.38%.%%
nea3 6.0-7.0 2014070 55.6313307
gIlpnd 6.5-7.5 1.74+0.04 42724510
2nens 5.0-6.0 0.56:014 Gev ! 6247343
8JuN6 50-6.0 0.83+0:08 11.13+2:96
a7 6.0-7.0 1.814070 S1.3775600
1.56 117.12
8juns 8.0-9.0 2017136 75.51+1171
8neN9 50-6.0 1.26*306 Gev—2 2.57+0.24
0.12 -2 0.82
8I1yN.10 6.0-7.0 0.897012Gev 3.06+082
Znatl 6.0-7.0 2301027 GeV~! 17.32135
136 -1 63.98
8ilya2 5.0-6.0 2557130 GeV 60.22705

wide width 158.86MeV, fitting the data 205+18+
86MeV observed by the LHCb.

The value of ¢ affects the correlation functions at both
the hadronic and QCD sides, therefore impacting the

ectly

choice of the related free parameter C and Borel platform.

2m m
0<&<=—F+2 and considering
m

channel P.(4380) - n.+N, it is

set p?=p’. Based on the

2 2

ne 2

As in our previous work's approximation model, we dir-
range

~ 0.1, for the decay

more reasonable to set
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m2
N

&= e + 1. To evaluate the stability of the effect of &, we
compare these two approximation models. As shown in
Fig. 7, the value of the hadronic coupling constant extrac-
ted from the Borel window is g », =2.91733; GeV~" with
&=1 and the free parameter C;=-2.7490x107*+
1.0721x 107572 GeV'°. Results show that only a slight
change occurs in the hadronic coupling constant, but the
stability is robust.

Considering the two Borel parameters 77 and T3, the
chosen Borel platform should be a 'flat' plane [4]. Thus,
any 'straight lines' on the plane are also flat, making it
reasonable to set 77 = T3 without significant change to
the Borel window and the resulting value of the hadronic
coupling constant. Of course, this may cause a slight dif-
ference. To discuss this clearly, we still take the decay
channel P.(4380) — 1.+ N as an example for comparison.
In Fig. 8, the 3-D graph of the hadronic coupling con-
stant g/, of the decay channel P.(4380)— n.N across
the Borel window is shown. The extracted value of the
hadronic coupling constant is g/, = 2.87*33; GeV~' with
the free parameter C; = —2.5000x 107 + 1.0250 X 107°T? +
2.5000x 107772 GeV'°. The difference is acceptable.

It is important to point out that the chosen vacuum

a,
condensates are (gq), {—~GG), (q8,0Gq), (49)°, g:¢qq)’

(ZGOG9), (@XGs.0Ga). §4Ga, (--GO)Gar, and
(ggs;0Gq)* on the QCD sides. In the framework of QCD
sum rules, these vacuum condensates are parameterized,
and their values depend on the energy scale x, making the
results in the present work have energy dependence. The
decay products of all the decay channels studied are con-
ventional hadrons. For the coupling of the QCD side and
hadron side of the conventional hadron channel, there is
no unified standard to determine the energy scale. It is
reasonable to set the energy within an acceptable range.
For example, we set the energy scale u=1GeV to study
the strong decay of hidden-charm tetraquark state candid-
ates X(3872) and Y(4500) [64, 65]. In Refs. [4, 63], the

. My, my, S
energy scale is set as 7" GeV or % GeV, which is ac-

ceptable for charmonium states [59]. In Ref. [49], the en-
ergy scale is chosen as y=2GeV to calculate the strong
decay of X(4140) [49]. We plot the energy scale depend-
ence of the vacuum condensates (gg) and (gg,0Gq) in
Fig. 9. One can find that the value of these two vacuum
condensates does not differ much with the energy scale
varying from 1GeV to 2GeV; their tiny differences are
less than their corresponding error bounds. The differ-
ences mainly occur for the strong fine-structure constant
a, and m,, with g> =6.7381 and 3.6850 at energy scales
u=1GeV and 2GeV, respectively. The four-quark con-
densate g2(gq)* arises from the terms (gy,qg;D,Gi),
(q;D}D}D}g;), and (G;D,D,D,q;), rather than from the ra-
diative O(a,) corrections for the four-quark condensate
(Gq)*, where D, =0, —ig,G,. The strong coupling con-

B S S S B I R R
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361 .
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I R e e —
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Fig. 7. (color online) The hadronic coupling constant &non1

of the decay channel P.(4380) — n.N is considered within the
Borel window for the parameter ¢ = 1.
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Fig. 8. (color online) The 3-D graph of the hadronic coup-

ling constant g;]’L Nl for the decay channel P.(4380) — 5N with-
in the Borel window is presented.

2

S5

stant a,(u) =

contributions of such terms are tiny. Thus, there is not
much energy scale dependence for the contribution of the
vacuum condensates. Taking the decay channel
P.(4380) —» 5.+ N as an example, the energy scale de-
pendence mainly arises from the following lower limit of
the integral.

/.yg( J /»‘%d 50 ( s u )
s upi(s,u)exp| —— — —
4m% 0 T12 T22

Since 4m? = 8.8659GeV* and 4.9671GeV* at the energy
scale u=1GeV and 2GeV, respectively, in the present
work, we follow our previous approach to set a medium
energy scale, 4= %GGV or U= %GGV [4, 63], to
avoid a relatively large energy scale for the conventional
hadron and to ensure the integral range maintains the sta-
bility of the Borel windows.

Before this study, several theoretical groups had pro-
posed different physical models to study the strong de-
cays of the discovered P, states [19, 29, 30, 4245,
66—71]. For example, Ref. [69] assigns the P.(4440) and
P.(4457) as the T.D* hadronic molecules with J* being

appears at the tree level. In fact, the
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: or § via heavy quark spin symmetry (HQSS). For % ,
2l"[P TP. - n.pl 3 IP.— AD*] 4
TP, = J/up] =555 furthermore, 71“[& S AD =3 By
combining the effective Lagrangian and Bethe-Salpeter
framework, Ref. [70] studied the strong decays of
P.(4440) and P.(4457) for the decay channels DAY,
J/y(n.)p, and DE, suggesting that the D°A,. and D*°A.
are the dominant decay channels for these two P, states.
Considering the compact pentaquark picture of the uudce
pentaquark based on the flavor-spin model extended to
SU(4), Ref. [71] studied the ratios of decay rates of the
P, pentaquarks to J/w and similarly the ratios of decay

rates to and A.D, proposing ~ that

IP.(3)— mpﬁ 1
= . The fact is that there are varyin
TP.(37) = J/wp] ying

=3
arguments for the strong decays of these P, states pro-
posed by different theoretical groups. It is hard to determ-
ine which results have discriminating power among the
different scenarios, including those predictions made in
the present study. We noted the recent work of LHCb
[72], where the collaboration performed a search for
P.(4312), P.(4440), and P.(4457) states in the prompt
DY, %D, A*D®, and AfxD® mass spectra. Their
signal yields were found to be consistent with zero in all
cases; thus, we follow these experimental results and
study the present decay channels.

To date, we have systematically studied the hidden-
charm pentaquark state candidates P.(4312), P.(4380),
P.(4440), and P.(4457). In Ref. [39], the isospin is clearly
differentiated for the first time under the framework of
QCD sum rules. They are assigned as the DX, Dle,

D*%., and DY molecular states with low isospin / = 3
37 37 5

. .op . L7373 S .
with their J” being 3095075 and 3 respectively.

Amid intense debates about the nature of these P, states,
we propose our own reasonable arguments. More signi-
ficantly, high isospin /= 3 cousins P.(4330), P.(4410),

P.(4470), and P.(4620) are predicted. Results of the
present work show that these high isospin cousins have

= Central Value
= = = Error Bounds

0.0

201

(29:0Gq)(10*GeV?)

301

40 ‘ ‘ ‘
1.0 1.4 1.6 1.8
w(GeV)

1.2 2.0

(color online) The energy scale dependence of the vacuum condensates (gg) (left) and (gg,0Gq) (right).

relatively wide widths, which are reasonable for assign-
ing them as resonance states. The predictions for the high
isospin cousins would provide an explicit reference for
future-experiments and will test our interpretation of the
nature of the observed P.(4312), P.(4380), P.(4440), and
P.(4457) in return.

IV. CONCLUSIONS

In the present work, the strong decays of the exotic
P.(4380), P.(4440), P.(4457), and their possible isospin
cousins are studied. The decay channels of these P,
states, Pa.r — n.(J/¥)+N(A), are calculated via QCD
sum rules. The decay widths of the P.(4380), P.(4440),
and P.(4457) derived in this study are in good agreement
with the experimental results observed by LHCb. The
predicted strong decay widths for the P.(4410), P.(4470),
and P.(4620) await verification in future experiments.
Moreover, the ratios of the partial decay widths of these
P, states are determined. For example, it is found that the
main decay channel for the P.(4380) is P.(4380) — n.N
These theoretical results may provide a reference for
high-energy experiments. The strong decays of P, (4338)
have been analyzed by our group [63], and the strong de-
cays of P.(4459) and P.(4337) will be our next target in
the near future to provide a systematic picture of the
strong decays of the pentaquark exotic P. and P, states.

APPENDIX
4(m?,, T+m?
o= ('3”‘”2 v S (A1)
mj/wf mj/(pf
o = 4m2 2 4mi Smi“r 4mAmPB
: 9mA§ 2 & 9my 3m2 &
B 4m,2h§ 4m§[‘r _4mPsT SmPB E
Omamp, 9mamp, 3mpaé  3my 9
(A2)
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P 8mimp, 2mi  2m}  2mj,T ~ 4mj,, T . 4maT  dmy 4m3, & N 2m3,,T _ 8mp,T N 16mp, (A3)
Omj,é  Omp,  9mj,E Imaé Omy 9¢ 9 Omp, 9mp, 9¢ 9
o = 4m?\,;npc ~ anj‘v 4my  dmymp. T 8mymp, . 2m; . 4m; T (A4)
3m2é  mdéE" 3¢ 3¢ 3¢ 3¢ 3¢
4md 8 4
Ke = n;N + mNZmPC il (A5)
3m,/w§ 3mj/w§ 3¢
- 4m; 7 B 4m3 ~ 8m; T _Amamp, 4m; & B 4mp T dmp,T . 8mp, 16 (A6)
! Omyé  9m2é  9my 3m2 & 9mamp, Ompmp,  3maé  3my 9
o = 8mimp, 2my  2my 2mj,, 7 N 4m,, _AmyT Amy 4m3,, & _ 2m5, T 8mp,T _ 16mp, (A7)
9m§/¢§ 9mp, 9m§/¢f Ompé Omy 9¢ 9 9mp, 9mp, 9¢ 9
myMp,  2mymp, T Ammp, MM T e 2mymy Qe myT 2m,
Ko = - - - - - =X
°T Smké 5¢ 5¢ 106 10m2¢ 5S¢ 5 106 5¢
mymp,m; T .\ dmymp,m; T . dmymp,m;, _ imNmP e my T 2my T . 2my T ~ 2my T (A8)
5¢ 5¢ 5¢ s T 0 T Tse T Tsg T T s
A T o i L R s
10 = - - - - - - -
Sm,€ 5¢ 5¢ Smi € 5€ 5¢ 5¢ 5¢ 5¢
2 2 o 2 2 2
dmymy,, . Mmp, My, T . dmp,mj, T N dmp,mj,, B dmp,mj,, (A9)
5 5¢ 5¢ 5¢ 5
e, dmm, T WP o iRl mir 4 dm 2w
"UUISm2E T 15m, NE  15miéE 15mé 1SmEéE 15m% 0 15m, VE 156 156 15 15maé
4mPpm,2,CT 4mPpm,2h_T dmpamp, T dmpamp, . dmamp,  2mpam, T dmpmy,  2mp.m, T 4mp,.m,
15mpé 15m, 15¢ 15¢ 15 I5VE  15vE 15V 15+Z
2m} T 2mlt 2mlT  4m]
i’ . .
156 15¢ T 15 15
(A10)
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