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Abstract: In this study, we explore the hadronic coupling constants Gzjyx, Gzp.k+, and Gyp.p_ of the exotic
states Z.5(3985/4000) within the pictures of both the tetraquark and molecular states with the tentative assignments
JPC =1*= based on rigorous quark-hadron duality. Subsequently, we obtain the total widths
FZ_ =15.31+2.06MeV and l"é’[’_ = 83.51+21.09MeV, which are consistent with experimental values from the BE-
SII collaboration, 13.8f§:;¢4.9MeV, and LHCb collaboration, 131+15+26MeV, respectively, and support as-
signing Z.(3985) and Z.;(4000) as the hidden-charm tetraquark and molecular states with JPC =1+, respectively.
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I. INTRODUCTION

In 2013, the BESIII and Belle collaborations ex-
plored the efe™ — x*n~J/y process and observed a
Z*(3900) structure in the 7*J/y mass spectrum [1, 2]. In
the same year, the BESIII collaboration also investigated
the e*e™ — xDD* process and observed a Z*(3885) struc-
ture in the (DD*)* mass spectrum [3]. Z.(3900/3885)
have the spin-parity J* = 1* [3, 4].

In 2020, the BESIII collaboration observed a
Z.,(3985) structure in the K* recoil-mass spectrum of the
ete” — K*(D;D*+D:~D") process [5] and found the
Breit-Wigner mass and width to be 3985.2*7.) + 1.7MeV
and 13.8*%) £4.9MeV, respectively [5].

In 2021, the LHCb collaboration observed two new
exotic states, Z7(4000) and Z7,(4220), in the J/yK* mass
spectrum of the B* — J/y@K*process [6]. The most sig-
nificant state, Z7(4000), had a Breit-Wigner mass and
width of 4003 +6*,MeV and 131 +15+26MeV, respect-
ively, and the spin-parity J© = 17 [6].

Z.(3900/3885) and Z.4(3985/4000) have analogous
decay modes,

ZE(3900) — J/ym=, ZX,(4000) - JiWK*, (1)
7*(3885) — (DD*)*, 5
Z-.(3985) — D;D*°, D D°, @

which leads to the possibility that they have analogous
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quark structures. Although the Particle Data Group as-
sumes that Z.(3900) and Z.(3885) are the same particle
according to the analogous masses and widths [7], it is
difficult to explain the ratio [3],

_ I(Z.(3885) —» DD")
P (Z.(3900) — J/yrr)

=62+1.1+27, 3)

in a satisfactory manner. In contrast, the widths of
Z-.(3985) and Z7,(4000) are inconsistent. Z.(3900/3885)
and Z.,(3985/4000) may indeed be four distinguished
particles.

The exotic states Z.;(3985/4000) liec above the D; D*°
and D:~D° thresholds 3975.2 and 3977.0 MeV, respect-
ively, and if they are molecular states, we should intro-
duce coupled-channel effects to account for the mass
gaps and decay widths [8—12] or just re-scattering effects
[13, 14]. It is more natural to reproduce their masses in
the diquark-antidiquark type tetraquark pictures than the
color-singlet-color-singlet type tetraquark pictures if we
choose the theoretical framework of potential quark mod-
els [15, 16].

In QCD sum rules, we typically choose color anti-
triplet-triplet type and singlet-singlet type four-quark cur-
rents to interpolate hidden-charm exotic states and repro-
duce the masses of Z.4(3985/4000) in the pictures of both
the tetraquark [17-21] and molecular states [17, 21-25].
There may be two Z states, an antitriplet-triplet type tet-
raquark state and singlet-singlet type molecular state, or
only one Z. state, which has both antitriplet-triplet type

©2022 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

103106-1



Zhi-Gang Wang

Chin. Phys. C 46, 103106 (2022)

and singlet-singlet type components. We must explore
two-body strong decays to diagnose their nature.

In Ref. [26], we assigned Z*(3900) as the diquark-an-
tidiquark type tetraquark state with the quantum numbers
JPC€ =1%7, calculated the hadronic coupling constants
Gzjjyns Gzpp, and Gzpp. using three-point QCD sum
rules based on rigorous duality for the first time, and ob-
tained partial decay widths to diagnose the nature of
Z*(3900). Thereafter, rigorous duality was successfully
applied to study the strong decays of the exotic states
X(4140), X(4274), X(4660), Z.(4600), and P.(4312)
[27-32].

In this study, we extend our previous research on the
masses of hidden-charm tetraquark states and molecular
states with strangeness [19, 25] to explore the two-body
strong decays of Z.4(3985/4000) with possible assign-
ments of J°© = 17~ and hence diagnose their nature.

This paper is organized as follows: In Sec. II, we ac-
quire QCD sum rules for the hadronic coupling constants
Gzijyk» Gzyx-» and Gyp. . In Sec. 111, we present the nu-
merical results and discussions. Finally, Sec. IV is re-
served for our conclusion.

II. HADRONIC COUPLING CONSTANTS OF
Z.,(3985/4000)

We investigate the two-body strong decays
7-.(3985/4000) — J/WK~, n.K*~, and D**D;and D°D*~
using the three-point correlation functions H}w(p,q),
I, (p.q), and IT,,(p,g),

ML, () =[xty e O (407K ) 0] 0.

I, () =2 [ dhadtye e O (12 03 01,010

ML) =2 [ atadtyer e OFF (17 (012 0150 0.

)
where the currents
T ) =t @yuex),  IE@) = am)iyss),
TEx) =e(iyse(x),  TF () = @(0)yus().
IV () =a(x)yuc(x), I ) =e()iyssy),
J50)=J17(0), J27(0), (5)
gijk imn .
7 (0) =———{c""(O)Cy,u"(0) & (0yysC5/(0)
—MO)Cysu"(0) (0)y,C5T(0)},
J(0) =%{s(omc(0> ZO)ysu(0)
+5(0)iysc(0)2(0)y,u(0)} (6)
interpolate the mesons J/y, K, n., K*, D*, Dy, Z!, and

ZM respectively, and the superscripts 7 and M denote tet-
raquark-type and molecule-type four-quark currents/tetra-
quarks, respectively [19, 25].

We insert a complete set of intermediate hadronic
states with the same quantum numbers as the currents in-
to the three-point correlation functions and isolate the

ground state contributions.

) = SieM J116 Mo A5G, i . f WP (p 271
My + M (M7 - p)(M,, - PHMg—q*) (M, p/z)( 1w~ P
i a pr(P ,5’512)
t o v 2 § >
(Mz—p Y My —q°) s‘;w s—p
r 2 2 r 2 2
,pZ’J/lﬁ(S P q )+pZ’K(s Y2y )
2 2 . ,2 +... g}lV+“'
( J/l// )( —-q ) s=p
=i (p"% p ,qz)gﬂy+---,
(N
fKMlzng/l/rMJ/WléleMJ/ K
HMl( ) L 4. +...:H1( ’2, 27 2) +-en, 8
p-q e V=D, ~ Y~ ) v mP07.q7) g ®)
Jo M2 fie M 5,GY i
HTZ ¢ T 7] I +"'=iH2 /2, 2’ 2 oo, 9
(p.q) = { . W2 - OE - 8y (P P74 8y ©)
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Ja M3 fx- M- 2 GY . 1
2 (p,q) = —— L +ot gt =P PP ) g+ 10
' (D,q) { o, W2 P OE - 8uv (PP 47) 8y (10)
fo.M}, fo Mp- AL,GY i
HT3 ZD-D, 4. +...:iH3 ’2, 2’ 2 4o, 11
(p.q) = { e OV~ O, — )M — ) 8y r(P".P7.q7) 8y (I
fo.Mp, fo-Mp )/ GY, 1
2 (p.q) = : +o bt =, P ) g+ (12)
me+m, (M2 = p?) (M3, - pPPYMD — ) g M g

Where p’ =p+tgq, f]/lﬁa fKa f']‘,a fK‘: fD*a fD\.a ﬂg: and /lé/l
are the decay constants of the mesons J/v, K, n., K*, D*,
Dy, ZI, and ZM, respectively,

O O /w(p)) =f119 My &y
OLIE OIK* () =fx- M- & .
Ol (O)D*(p)y =fo- Mp- Sy »

M2
OUEOK gy =K

u s

fo M2
(L2 (0).(p)) =% ,

oM,
<0|J “(0)IDy (Q)>— P .

(OLITM () ZTM (")) =A§/M gy ,

(13)

and ¢, ¢, ¢, and { are the polarization vectors of J/y, K*,
D*, and ZI'™ | respectively. The hadronic coupling con-

stants ng/;//K’ G%/wo ngK , G%}K , GgDD , and G?DD
are defined by
T PK@IZL(P)y ==& (p)- L") Gy »
ne(PK DIZL (")) ==&"(q)-L(p") G k- »
(D*(p)Dy(@)IZ(p)) ==¢*(p)-L(P) G, D,
TIWPK@IZA (D) =& (p)-L(P) Gk
(DK (DIZY(P)) =ie*(q)-L(p') G, k-
(D*(P)D(\ZX(P))) =is*(p)- L(pGY D, (14)

The hadronic spectral densities pzx (p”, p*,u),
pzu(P"%,5,4%), pz1u(8'sP*.4%), pzk(s',p*.q7) in the com-
ponent I1}(p"2, p?,4*) represent the transitions between
the ground states and continuum states (including the first
radial excited states). In fact, such hadronic spectral dens-
ities also exist in the large {} in the components
IZ(p% p*.q), 5% phqh), (2 phq®, 105,72
p*.q%), and IT (p%, p*,¢%); however, we neglect them for

[
simplicity. In this study, we choose the tensor structure

8w to explore the hadronic coupling constants GZ%K,

T/M T/M
C_;zn, K> .and G, and neglect other tensor structures for
simplicity.

We accomplish operator product expansion up to the
vacuum condensates of dimension five and neglect the
tiny gluon condensate contributions, as in our previous
studies [26—30]. Then, we obtain the QCD spectral dens-
ities pocp(p’?, 5,u) through the double dispersion relation
and express the correlation functions on the QCD side in
the form

oep(p?,p%.q%) = f ds fA 2

where A2 and A2 are the thresholds. On the hadron side,
we obtain the hadron spectral densities pg(s’, s, u) through
the triple dispersion relation and express the correlation
functions in the form

My (p? P q%) = f ds’ f ds f du
TN XN

pH(sl’ S, M)
" =ps—pHu-g>)’

pQCD(p s,u)

15
G- (9

(16)

according to Egs. (7) — (12), where A’? are the thresholds.
We match the hadron side with the QCD side of the cor-
relation functions below the continuum thresholds using
the dispersion relation at the QCD side to warrant rigor-
ous quark-hadron duality.

pQCD(p )

d
f Sf P
:f dsf du[f ds’ pi(s', 5, u)
A A A (T =pD(s—pHu-¢*|’

where so and ug are the continuum thresholds. We first
integrate over ds’ and introduce several unknown para-

(17

103106-3



Zhi-Gang Wang

Chin. Phys. C 46, 103106 (2022)

meters to parameterize the contributions involving higher
resonances and continuum states in the s channel [26,
27]. Note that we consider the higher resonances and con-
tinuum states rather than neglecting them. For example,
using Eq. (7), we explicitly write the correlation function
on the hadron side as

So iUy 72
f dsf du PQCDEP ), Mz)
2 : (s—pIH)u—q°)

AZJ/W(

= B _ 2 2
(M3 - p)(M,, - P (M —q%)
T
Crrx (18)
( /¢ Pz)(MK—CIZ)
where
fKMI%fJ/wMJ/ngng/wK
Azijuk = my+m ’
u s
0o r 2 2 r 2 2
r Pz (S p°.q7) +pzk(s', p*.q°)
Crrux L ds v , (19)

where the unknown parameter C7 Tk parameterizes the
contributions involving higher resonances and con-
tinuum states with the same quantum numbers as Z.; (in

the s’ channel). The unknown parameters C¥ .. CT

JIWK> “nK

fKMI%fJ/wMJ/WlTng/wK 1

2
[exp(—M /w]—exp(—_z)

2 2

MJ/!// T

s CIT)D , and CLA){D‘ in Egs. (21)—(25) are implied in
the same manner.

Next, we integrate over the variable ds’. We do not
require the continuum threshold parameters s;,, and the
duality is rigorous in the sense that we do not set
so = s, = sy, approximately [33]. If we set s = s} = s) in
the present case, +/so> Mz >y’ >n.>Mp. > Mp, and
the contaminations from the excited states are out of con-
trol. Without first integrating over the variable ds’, the
representations on the QCD and hadron sides will not
match, and to date, no researcher has agreed that they
match without merging the s and s channels,
50 = sy = s, on the hadron side by hand. In fact, approx-
imations such as sy = s;, are incorrect because the s and s’
channels are different.

In the s and u channels, we deal with conventional
mesons and choose standard vector and pseudoscalar cur-
rents to interpolate them. Direct calculations indicate that
we can reproduce their masses satisfactorily with the two-
point QCD sum rules below the continuum thresholds s
and ug, respectively. The quark-hadron duality is hence
reliable.

We set p’2 = p? and p’> = 4p? in the correlation func-
tions HlT//?w(p'z, p?.¢%) and HST/M(p’Z, P2.q?), respectively,
and accomplish the double Borel transform in regard to
the variables P> = —p” and Q? = —¢?, respectively. Then,
we set the Borel parameters T2 T2 T? to obtain the

six QCD sum rules,

M2 M2, + M
J/l//
exp| -~ +CJ/wKexp —_

my, +myg
sm 2Ua < S!/u
dsf du 2s+4m —3m3mc)exp( s+u) ml (qq)+(ss) s+2m
o4 \/' 74 Jam 2422 V
xexp (_i) B m S5 LOW[% (_ N ms (%’sO'G@ SW S + 2m exp )
T2 288 V212 Jam: s (s _ 4m§) T2) 24 \/_772 T2 Jam V
(20)
M 2 2 2
Tk M% f174 My 2% GZ,/WK My, ~ M% M oM MJ/WFM
Mo +ms M§ i RN B U T R W e A
/ v s 2qg + / w
I / dsf du 2s+4m 3m9mc) exp( s+2u)_ m;s [X49) <SS> / s+2m
128 \/_7r4 4z T 48 V272 \/
X exp (_i) _ m«qg;0Gq) Sho 5 +20m? (_ s\ myqgscGq) f s + Zm eXp )
A Ny Py EITI Y= R 72
(21)
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M2 M? + M2,
exp(——) +Ch g exp[—"‘—K]

fa M fi- M- ATGQ,K 1 My Mg
P~ —exp|—

2m, g T2 T2
/ s+u\  mggq) [ 4mg
=- du 3mgm )exp( ) ds+(1- s
64 \/_7'(4 L‘mz f s 8 \/571.2 am s
) C Y S + 2 2
X exp( 5 ) ms(5¢;0Gs) f 2 (48s0Gq) ds s+2m? exp (—iz)
T 96 \/zﬂ'sz 4m? T 72 \/EJTZ 4m? s (S _ 4)’}12) T

e 14q8s G 585 G Sz‘
_ m:[(Gg;0Gq) +(38,0Gs)] f d 2. (22)
24 V2n? a2 T
fo My fi- Mg 2 GY 1 M,Z, M2 M2 M2 + M2
T exp|— —exp ) exp| — T2 +CnK exp|l————
- dsf du 3msmc)exp( 5 +2u ) - mi(qq) 1- —sexp
T128 \/_7r4 am V T 16V2r2 Jane V
ms(sgSO'Gs) f s ms<qg50'Gq) s+ 2m
\/1 -—<5 exp ( )
192 \/_ﬂsz 4m? 72 \/Eﬂ'z 4m? 4m
C
c{qgs0Gq) + (5g,0G ¢
| Mc1(q8,0Gq) +(58,0Gs)] i p(-2). (23)
48 \/zﬂ'z 4m? S T
fo. M}, foMp ;G 5 M2, 1\71% M3, r M3, + M3,
exp|——= |—exp| - exp|— +Chp eXpl———5—
4(m. + ms) M% — Mf)* T2 T2 T2 D, T2
_ m(58,0Gs) ds 9  10m? N 3m? ol s+m2 N m{Ggs0Gq) v, dul2+ % m_g exp _u+m%
96 \/_ 72 I 2 s 252 T2 96 V212 Jme u | u T2
AGgs o (3 4m2 3m? +m? 1 5m*  3mb
| Me(8:0Gq) du(_ LA m) o (_M mc)_ my(qg, oGy (" (u_9m§_ me  3mg )
96 V212 Jne 2w 2u? T2 192272 Jwe u-—m? u u?
u+m?
xexp|— 7 ) (24)
fo. M, fo-Mp 2 GY 5, 1 M2 M2 M2 u M2, + ijx
exp|——=|—exp|—== ||exp| - +C) 5P|~
4(me + my) M% _ Mf), T? T? T2 T?
3 9. U, 2 2 4 S+ . .
=— dsf du(l—ﬁ)(l_ﬁ)(zs 2_’"_)(” m +2m, mc)exp(—_u) me(5s) ds
64 \/§7T4 m? m? s u s 8 \/571'2
2 4 +m2\ 3mAa ), 2 )
X l—m— 25— mz—m— exp|-— > Tc + m{q4) du l—& (u—mf+2msmc)exp i
s s 8V2n2 Jm u T?
< 2 s9, 2 4 2 3/5 ), 2
s + 3 s0G s Z
+ my(5s) |42 f das(1-"¢ 2s—m2—m— exp|— stme ) 3m{qss0Gq) duf1-"¢ (u—m%+2msmc)
16V2r2\ T?)Jw s s T2 322024 I u
xexp _u+m§ _msmﬁ(igs.O'Gs) SUD*d 1_22 95 _mz_m_4 exp|- s+mg
T 96 V226  Jum s s T2
+w l—mg fsg dsl—m—2 25— mz—ni1 exp|- S+m§ s
16 \/EHZTZ 272 2 N N T2 (25)
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2

where M2=—%,and 59, , u%, s, ul., 59

Jw> Yk Sy Ugs Speo
the continuum threshold parameters. There are end-diver-
gences at the endpoints s =4m? and u=m?, which we
regularize using the simple replacements

0
and up, are

1 . 1
\/s—4m§ \/s—4m3+4m§
1 1
_)
u—m:  u—mk+4m?

by adding a small squared s-quark mass 4m? [26-30].
Now, we take a short digression to illustrate the end-
point divergences. We often encounter the typical integral

1 1
L= | d* , 26
! f L= m2Y (p—ki 2 —m2) (26)

which is calculated using Cutkosky's rules,

1 1
bLi=— | d*%
2 aAf 2= A (p— k)2 = laom:

0 (=2mi)? [ 1
=2 (2 f d— f d'kyd*kao®
0A 2mi JvAsmy t-p

X (ki +ky — p)3(k3 — A)S(k3 — m?)

_ 9 (—2ni)? f‘” dr 1 7 JAtLA m)
_BA 271'1 (\/Z+m()z

t_pz E t A—m?
(—2ni)? f‘” dr 1 =n -1
2mi 2 t—p?2 Vit —4m?) ’
27)

for which a divergence appears at the end-point ¢ = 4m?.
Such terms are accompanied by the small s-quark mass
ms and play a minor yet important role. We regularize the
endpoint divergences by empirically adding a small
squared s-quark mass 4m?, as in previous studies
[26-30]. If we vary 4m? by adding a small uncertainty
4m? + 6, we can obtain almost invariant numerical results.

Furthermore, we smear the dependencies of the para-
meters C;/M, C%M, C;}K,, Cf]‘f,(,, C1T)*D\’ and CIA){D\ on the
Lorentz invariants p%, p?, and ¢ and take them as free
parameters. Then, we search for the best values to re-
move contaminations from the high resonances and con-
tinuum states to acquire stable QCD sum rules with vari-
ations in the Borel parameter 72.

III. NUMERICAL RESULTS AND DISCUSSIONS

On the QCD side, we take the standard values (gg) =
—(0.24+0.01GeV)?, (5s)=(0.8+0.1)Gq), (Gg,0cGq)=
maq), (5g,0Gsy=md(5s), and m3 =(0.8+0.1)GeV* at
the energy scale u=1GeV [34—36] and take the MS

quark masses m.(m.)=(1.275+0.025)GeV and my(u =
2GeV) = (0.095+0.005)GeV from the Particle Data
Group [7]. We set m, =my; =0 and take account of the
energy-scale dependence of the input parameters,

a,(1GeV) | =

|

,(1GeV) | =7
as(u) } ’

(qa) () =(qq)(1GeV) [

(55)() =(55)(1GeV) [

(q8s0Gq) () =(q8,0Gq)(1GeV) [M}M ,

a,(u)
(58:0Gs) () =(3g,0Gs)(1GeV) [LGW)] o
as(u)
mc(,u) =mc(mc)[ (H) ] s
a's(mc)
@) ey
=m.(2 o7
mg(p) =m( GeV)[a’s(ZGCV) )
1 by logt bi(log’t—logt—1)+bob,
- |1 -=2==
as(,u) b()t b% : + bgtz

(28)

from the renormalization group equations

2 33-2n
t=log ,121 , by= Tz f
AQCD T
5033 325 ,
_153_19nf _2857— 9 l’lf+7nf
T 12873

Aqcp =210MeV, 292MeV, and 332MeV for the flavors
ng=5, 4, and 3, respectively [7, 37], and all input para-
meters are evolved to the typical energy scale u=
me(m:) ~ 1.3 GeV to extract hadronic coupling constants
[19, 25, 38].

On the hadron side, we take the parameters as Mg =
0.4937 GeV, Mg = 0.8917 GeV, M, = 3.0969 GeV,
M, = 29834 GeV, Mp = 2.007 GeV and D;= 1.969

GeV [7], fi = 0.156 GeV [7], fi- = 0.220 GeV, (Jul, =
1.0 GeV, \Ju). = 1.3 GeV [39], fp, = 240 MeV, fu)) =
2.6 GeV, fir = 263 MeV, [s2, = 2.5 GeV [40], fy, =
0.418 GeV, f, = 0387 GeV [41], .[s}, = 3.6 GeV,
50 = 3.5 GeV [7], Mz= 3.99 GeV, AL =2.85x1072

5 5 fk M%{
GeV-> [19], /lZM =1.96x1072GeV> [25], and =
B B my, +myg
—M from the Gell-Mann-Oakes-Renner relation
Sk(1=6x)
6k =0.50 [42].

In calculations, we fit the unknown parameters to be
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4.0 3 T T T T T T T

Central value |
- — —Error bounds |

O16f

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
T*(GeV?)
Fig. 1. (color online) Hadronic coupling constants G7, oK

gions between the two vertical lines are the Borel windows.

CJy i =0.00045 +0.00038 X 7> GeV*
C} . =—0.00184-0.00068 X T* GeV*
Chp, =0+0xT>GeV?®

Cllyk =0.0004+0.00017 X T> GeV*
C)'. =0.00094 +0.00033 X T* GeV*
Chlp, =—0.023-0.00405 X T* GeV*

to acquire the flat Borel platforms Tr%mx_TIim = 1GeV?,
where max and min represent the maximum and minim-
um values, respectively (see Fig. 1 for an example). In the
picture of tetraquark states, the Borel parameters are
WK =(2.7-3.7)GeV?, T =(2.5-3.5)GeV?, and

5 =G1-4. 1)GeV? for the hadromc coupling con-

stants G’ e ng > and G;D 5, respectively, whereas
in the picture of molecular states, the Borel parameters
are T,/ gk =(27-37GeV?, T} =(2.3-3.3)GeV?, and

=(2.3-3.3)GeV? for the hadronic coupling con-

stants G%/ K> G%] - and GM , respectively, where we
add the subscripts J/yK, mK and D*D; to denote the
corresponding channels. The uncertainties originate from
the uncertainties on the input parameters on the QCD
side, which, in general, can be absorbed together into the
decay and coupling constants. For example, fyy, fx, 4
and GZJ/.//K in the QCD sum rules of Eq. (20).

If we use the symbol ¢ to represent the input paramet-
ers on the QCD side, the uncertainties & — £+ 6¢ lead to
the uncertainties  fyfx ;G = i fx A5Gyt

TAT T T
S fiu fx A5Gy, and € — €T +6CT 1, where

6fJ/WfK/1§G£J/wK
T

Sfuw , 0fk 5, 9G7k
=fiufx A5Gy, -t » (29)

W ZTZIK fJ/w f K /15 ng/wK
and we can approximately set

T
Ofiw _6fk _ % 0G4k

B

Jiw — fx A, Gl

(1) and G¥

3.0 T T T T T T T
27 |
24
21
sl

Central value
— — —Error bounds | -

_________________

ICRE]"

Sk (IT) with variations in the Borel parameter T2, where the re-

T
6GZJ/¢/K

T
GZJ/¢K

S fiufx /lg ng/lu( = fuufx /15 ng/((/l( ) (30)

to avoid overestimating the uncertainty on the hadronic
coupling constant. In calculations, we analogously estim-
ate the uncertainties according to Eq. (30) and neglect un-
certainties on the unknown parameters C7 cr

Jiwk> Sk
T M M
CDD, CJN/K, C,7 > and CDD, except in the case of

ome(m.) for CM Db, , for which we must consider the uncer-
tainty to acquire a flat Borel platform.

Now, we obtain the values of the hadronic coupling
constants routinely.

Gk =1.79£0.10GeV,
G, x1=2.97+0.22 GeV,
G}y 5,1 =0.71£0.04 GeV,
Gk =1.23£0.07 GeV,
Gy k- =220+0.16 GeV,

IG5 =9.60+1.27 GeV.. (31)

Then, we choose the masses Mg =0.4937 GeV,
Mg~ =0.8917 GeV, My, = 3.0969 GeV, M, =2.9834GeV,
MD o = 2.0069 GeV MDf =1.9690 GeV MDO =1.8648 GCV
Mp- =2.1122 GeV [7], and Mz, =3.99 GeV [19, 25] and
obtain the partial decay widths

Izl — J/yK™) =536 +0.60 MeV,
Iz, - n.K*")=9.54%1.41 MeV,
r(Z", - D*D;) =0.21+0.02 MeV,
I(zl, - D°D;7) =0.20+0.02 MeV, (32)

I(Z" - J/yK™) =2.53+£0.29 MeV,

rzM - n.K*")=523+0.76 MeV,

r(z” - D*D;) =38.69 + 10.24 MeV,

r(zM — D°D;7) =37.06+9.81 MeV, (33)
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and total widths

I7 =1531+£2.06MeV,
') =83.51+21.09 MeV, (34)

which are consistent with the experimental values from
the BESIII collaboration, 13.8*%) £4.9MeV [5], and LH-
Cb collaboration, 131+15+26MeV [6], respectively.
There are two Z,, states with analogous masses, as in the
case of the Z* states, and there is a tetraquark candidate
Z.(3900) and molecule candidate Z.(3885) [26].

The physical Z., states may have both diquark-anti-
diquark type and color-singlet-color-singlet type tetra-
quark Fock components, and it is better to choose the
mixing currents or more physical currents to interpolate
them.

Jy(x) = JT(x) cos 0+ JM(x) sin6, (35)

where 6 is the mixing angle. Both the currents J7 (x) and
JM(x) can lead to a mass of approximately 3.99+
0.09 GeV if choosing the same constraints [19, 25]. The
additional parameter 6 does not significantly affect the
predicted mass but can have a considerable effect on the
predicted width. We can estimate the hadronic coupling
constant G using the simple replacement

G — G cos+GM sing, (36)

and in the future, we may compare the predicted total
widths and branching fractions with precise experimental
data to estimate the mixing angle 6 since the branching
fractions have not yet been measured. The significance of
Z-.(3985) is approximately 5.30 [5], whereas the signi-
ficance of Z},(4000) is approximately 150 [6]. Such large

significances only suggest the existence of these reson-

ance structures, and more experimental data are required
even to unambiguously distinguish (and confirm)
Z.5(3985) and Z.,(4000). In this study, we can at least
tentatively conclude that a larger color-singlet-color-sing-
let component in the Z. state leads to a larger decay
width, and the Z.,(3985) may have a large diquark-anti-
diquark type Fock component, whereas Z.,(4000) may
have a large color-singlet-color-singlet type Fock com-
ponent.

IV. CONCLUSION

In this study, we explore the hadronic coupling con-
stants Gzyyk, Gzypx-» and Gyzpp  of the exotic states
Z.5(3985/4000) in the pictures of both the tetraquark and
molecular states with the tentative assignments J*€ = 1+~
based on rigorous quark-hadron duality. We present the
three-point correlation functions and achieve operator
product expansion up to the vacuum condensates of di-
mension-five, neglecting the tiny gluon condensate con-
tributions, as in our previous studies. We obtain spectral
densities through the dispersion relation and acquire rig-
orous quark-hadron duality below the continuum
thresholds sy and uy by integrating over the variable ds’
to obtain six QCD sum rules for the hadronic coupling
constants. We investigate the two-body strong decays of
the axialvector tetraquark and molecular states, respect-
ively, and obtain total widths of l"g =15.31+£2.06 MeV
and F% =83.51+21.09 MeV, which are consistent with
the experimental values from the BESIII collaboration,
13.8*8) +49MeV, and LHCb collaboration, 13115+
26 MeV, respectively. The present calculations support
assigning Z.4(3985) and Z.,(4000) as the hidden-charm
tetraquark and molecular states with J©¢ = 1*~, respect-
ively. Alternatively, we may at least conclude that
Z.5(3985) has a large diquark-antidiquark type Fock com-
ponent, whereas Z.;(4000) has a large color-singlet-color-
singlet type Fock component.
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