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Abstract Inthisarticle, we tentatively assign the ZL.i (3900)
to be the diquark—antidiquark type axialvector tetraquark
state, study the hadronic coupling constants Gz j/yx,
Gzeeps Gz pp+ With the QCD sum rules in details. We
take into account both the connected and disconnected Feyn-
man diagrams in carrying out the operator product expan-
sion, as the connected Feynman diagrams alone cannot
do the work. Special attentions are paid to matching the
hadron side of the correlation functions with the QCD
side of the correlation functions to obtain solid duality, the
routine can be applied to study other hadronic couplings
directly. We study the two-body strong decays Z(3900) —
J/yat, nept, DY D*0, DYD*t and obtain the total width
of the Zz,t (3900). The numerical results support assigning
the Z£(3900) to be the diquark—antidiquark type axialvec-
tor tetraquark state, and assigning the ZCjE (3885) to be the
meson—meson type axialvector molecular state.

1 Introduction

In 2013, the BESII Collaboration studied the process
ete™ — wtm~J/y at a center-of-mass energy of 4.260
GeV using a 525 pb~! data sample collected with the BESIII
detector, and observed a structure Z.(3900) in the 7+J /v
mass spectrum [1]. Then the structure Z.(3900) was con-
firmed by the Belle and CLEO Collaborations [2,3]. Also in
2013, the BESIII Collaboration studied the process e™e™ —
7 DD*, and observed a distinct charged structure Z.(3885)
in the (D D*)* mass spectrum [4]. The angular distribution
of the w Z.(3885) system favors a JP=1% assignment [4].
Furthermore, the BESIII Collaboration measured the ratio
Rexp [41,
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_ I'(Z.(3885) - DD*)
" T(Z.(3900) — J/yrm)

In 2015, the BESIII Collaboration observed the neutral
parter Z? (3900) with a significance of 10.4 ¢ in the process
ete™ — 19707 /4 [5]. Recently, the BESIII Collaboration
determined the spin and parity of the ZZ(3900) state to be
JP = 17 with a statistical significance larger than 7o over
other quantum numbers in a partial wave analysis of the pro-
cessete™ — ntm—J/y¥ [6].

Now we list out the mass and width from different mea-
surements.

=624+ 11427 (1)

exp

ZF(3900) : M = 3899.0 + 3.6 + 4.9 MeV,

I =46 + 10+ 20 MeV, BESIII [1],
Z£(3900) : M = 3894.5 + 6.6 + 4.5 MeV,

I =63 +24+26MeV, Belle [2],
Z5(3900) : M = 3886 + 4 + 2 MeV,

I =37+4+8MeV, CLEO[3],
7*(3885) : M =3883.94 1.5+ 4.2 MeV,

I'=248+3.3+11.0MeV, BESII [4],
7°2(3900) : M = 3894.8 +2.3 + 3.2 MeV,

I =29.6+8.2+82MeV, BESII[5]. (2)

The values of the mass are consistent with each other from
different measurements, while the values of the width differ
from each other greatly. The Z.(3900) and Z.(3885) may be
the same particle according to the mass, spin and parity.

Faccini et al. tentatively assign the Z.(3900) to be the neg-
ative charge conjunction partner of the X (3872) [7]. There
have been several possible assignments, such as tetraquark
state [8—13], molecular state [14-20], hadro-charmonium
[21], rescattering effect [22—24].

In Ref. [12], we study the masses and pole residues of the
JPC = 17+ hidden charm tetraquark states with the QCD
sum rules by calculating the contributions of the vacuum
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condensates up to dimension-10 in a consistent way in the
operator product expansion, and explore the energy scale
dependence in details for the first time. The predicted masses
My = 3.87700 GeV and Mz = 3.911) 3 GeV support
assigning the X (3872) and Z.(3900) to be the 17" and 11—
diquark—antidiquark type tetraquark states, respectively.

In Ref. [20], we study the axialvector hidden charm and
hidden bottom molecular states with the QCD sum rules by
calculating the vacuum condensates up to dimension-10 in
the operator product expansion, and explore the energy scale
dependence of the QCD sum rules for the heavy molecu-
lar states in details. The numerical results support assigning
the X (3872), Z.(3900), Z,(10610) to be the color singlet-
singlet type molecular states with J€ = 17+, 1+= 1+,
respectively.

We can reproduce the experimental value of the mass of
the Z.(3900) based on the QCD sum rules both in the sce-
nario of tetraquark states and in the scenario of molecule
states [12,20]. Additional theoretical works on the width are
still needed to identify the Z.(3900).

In Ref. [13], Dias et al identify the Zf(3900) as the
charged partner of the X (3872) state, and study the two-
body strong decays Z1(3900) — J/yw+t, n.pt, DT D,
DYD*+ with the QCD sum rules by evaluating the three-
point correlation functions and take into account only the
connected Feynman diagrams, and they obtain the width
'z, =63.0+18.1 MeV.

In Ref. [25], Agaev et al study the two-body strong decays
Z1(3900) — J/ymt, n.p™ with the light-cone QCD sum
rules by taking into account both the connected and dis-
connected Feynman diagrams, and obtain the width I'z, =
[(Z}F(3900) — J/yn™) + L(ZF(3900) — nept) =
65.7 £ 10.6 MeV.

It is interesting to know that the connected Feynman
diagrams alone or the connected plus disconnected Feyn-
man diagrams lead to the same result [13,25]. As far as the
X (5568) is concerned, if we take the scenario of tetraquark
states, the width can also be reproduced based on the con-
nected Feynman diagrams alone [26] or the connected plus
disconnected Feynman diagrams [27,28]. We should prove
that the contributions of the disconnected Feynman diagrams
can be neglected safely.

In this article, we assign the Z.(3900) to be the diquark—
antidiquark type tetraquark state with J©¢ = 17, study
the hadronic coupling constants Gz, j/yx, Gz.n.p, Gz, pp+
with the three-point QCD sum rules by including both
the connected and disconnected Feynman diagrams, spe-
cial attentions are paid to the hadronic spectral densities
of the three-point correlation functions, then calculate the
partial decay widths of the strong decays Z}(3900) —
J/ynt, nept, DT D, DOD*F and diagnose the nature
of the ZCi (3900) based on the width and the ratio Rey, =
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6.2+ 1.1£2.7,if the Z.(3900) and Z.(3885) are the same
particle with the diquark—antidiquark type structure.

The article is arranged as follows: we derive the QCD sum
rules for the hadronic coupling constants Gz, /yx, Gz.p.p>
G Z.DD* in Sect. 2; in Sect. 3, we present the numerical results
and discussions; and Sect. 4 is reserved for our conclusion.

2 The width of the Z.(3900) as an axialvector
tetraquark state

We study the two-body strong decays Z(3900) — J /¢,
nept, DYD*0, DYD*t with the following three-point cor-
relation functions Hllw(p, q), l'[lzw(p, qg) and wa(p, qQ),
respectively,

ML, (p, q) = i2 f dadyeP O T LY (0 IE () 1 0))10), (3)
n2,(p.q) = i* / d*xd*yeP¥ D (0T (I (0) I (1) 1 0}0),  (4)
M, (p. q) = i* / drxdtye P D OIT (P (0072 (1) 1, 0}10).  (5)
where the currents

LIV (x) = E@)yuc(x),

JZ(y) = i(y)iysd(y). (6)
J&(x) = e(x)iyse(x),
JE) = a()yud(y), (7)
J2 ) = i ()yc(x),
J2(y) = e()iysd(y), (8)
7,(0) = Jf’}z {¢"(0)Cypu™ (0)EF (0)ysCd (0)
—c"(0)Cysu™ (0)cF (0)y, Cd’ (0)}, 9)

interpolate the mesons J /v, 7, n¢, p, D*, D and Z.(3900),
respectively.

We insert a complete set of intermediate hadronic states
with the same quantum numbers as the current operators into
the three-point correlation functions 1), (p. ), 12, (p. q)
and I'Ifw (p, q) [29-31], and isolate the ground state contri-
butions to obtain the following results,

FaMz 17y Mipyrz.Gzoiyn
my + mq
—i
X
(M3, = p®)(M3,, — P (M2 —¢?)

PuPa o, PP
x | —gua + ) (—g + N
( et p? ' p?

_ {fﬂM%fl/z//MJ/d/)LZ(.GZ(.J/x//n
my, + mg

—1

m,,(p.q) =

X
(M7 — p)(M3,, — pD)(MF — q?)
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dy Pz’ (p p 1)

(M2 - Plz)(M‘]/I/, -Pp ) »/
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2 2y M2 dt 2
(M = PHWME —q?) t—p

AJ/vf
—i
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’ f, =+ 1 (T,
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s

Zc r= p/2

X(g;w+"')+"'
= P g g+ (10)
f’](‘M%Cprﬂ)“ZrGZr’h‘ﬂ

2m,

., (p.q) =
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i) 2\ 2 22 — 2
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/ /ol
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2m,
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d P
Tz = = g — 4
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—l
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x =2 e
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oM}, fps Mpedz,G 4 e

me

0, (p.q) =
o —i
(M3, — p?)(Mp. — p?) (M}, — q2)

PuPa PP
X<7g“a+ p? ><7gv T )T

_ { fDM%fD*MD*)\ZL»GZCDb*

me

—i
X
(M7, = P")(Mp. — p?) (M}, = ¢?)

N —i < pz.p(p?, p2.1)
M2 - MZ _ 12 t — 2
Mz, — p)(Mp. — p?) q

: 2
W o,
i 7PZD(P 61)

(M2 —pHME —q?) Js 1 — p?
+ dt

(Mp. = ) (M7, — g%) J,

pz.p+ (1, P2, q2)+pzro(t p’.q )
X PR

X (&w"‘"')"""'
=300 p*.qP) guv + -+ (12)

where p’ = p +q, the fr/y, fa, fier fps fD, fp and Az,
are the decay constants of the mesons J /vy, 7, n¢, p, D*, D
and Z.(3900), respectively, the Gz j/yn,Gz.p.p and
Gz pp+ are the hadronic coupling constants, which are
defined by

OLL YOI /W () = f1u My ép
0177 (0 _ _faMy 13
015 O)lr(q)) = === (13)
. foe M3
Ne _ Ne
(015 O ne(p) = ==
O1ILO) (@) = foMp ey,
(01727 (0)|D*(p)) = fp+Mp~ 5y,
MZ
01720)|D(g)) = ffn—’) (14)
(Ze(PH1 W (0)|0) = Az, & (15)
(T (PTDIZe(P)) = E*(p) - £ (p) Gz, 0 pyms
Me(P) oI Ze(p)) = "(q) - (PG 7900,
(D*(P)D@)|Ze(p")) = 6*(p) - £ (P) G5 p e (16)

the &, €, ¢ and ¢ are polarization vectors of the J /v, p, D*
and Z.(3900), respectively. The sg, s9 i S%J s,?(, sg, s%*
and sOD are the continuum threshold parameters. The 12
unknown functions pzcn/(p/z, P2 1), PZey (P, t, 4%, 0zl
t. p%, qz),ngj/w(t, P2 a®). 0z, (P P2, 1),PZ.y, (.,
a». pzip(t. P2 a*). Pz (t. P* 4. pz.ow (P 1. q%).
pz.p/ (P pE D). pzp+(t. p*.q?). pzp(t, p*.q%) have
complex dependence on the transitions between the ground
states and the high resonances or the continuum states.

In this article, we choose the tensor g, to study the
hadronic coupling constants Gz, j/yx, Gz.n.p and Gz, p+p
to avoid the contaminations from the corresponding scalar
and pseudoscalar mesons, as the following current-meson
couplings are non-vanishing,

O1Y O)|xc0(P)) = FreoPus

)
(01 ()lao(@)) = furu-

(01,7 () D5(P)) = fiy Pres

(Zeo(P)J0(0)[0) = —i Az P, (17)

where the f, ., fa, fDS’ Az, are the decay constants of the
Xc0(3414), ag(980), D(’)"(2400) and Z.(J¥ = 07), respec-
tively. The terms proportional to p, p) in the l'[llw(p, q)
and HZU( P, q) and the terms proportional to g, p;, in the
HIZM, (p, q) have contaminations from the hadronic coupling
constants Gz, y gz, Gz.pgp and Gz.y.q,, respectively.
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We introduce the notations Cz,/, Cz.y', Czix, Cz21/y»
Cz.psCzens Cz1ps Cz1nes Cz.pv, Cz.pr, Cz2p+ and Cz; p
to parameterize the net effects,

o0 2 2
’ ,Po,t
Cporm gy PZem (= p )’
¢ §0 t— g2
©  pza (PP 1,67
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591y P
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Zc
oyt prg?)
, = — 1
Czpv lg d " (18)
© pz.p (P2 PP
Crop = | arPZCl P
sg I—q
©  pza (P 1.q%)
Cz.y = df—z,
¢ 32, t—p
pzip(t, p*q?)
CZép = . dtT,
57,
00 et D% q?)
Cpy = [ a2 P40 (19)
cle )
9. t—p
00 2 2
*! ) ts
Cropw = 0 dt'OZCDt(p : q )’
Spx - P
00 2 2
/ 9 9t
Cry = /0 dthth(p 2p )’
Sp —-q
© pzp(t, p?, q%)
CZ/D* = dt—,
c SO t— p/2
Zc
© pzp(t, p* g%
Czip = / ek ik Y (20)
s%c r— P

Then the correlation functions on the phenomenological side
can be written as

_ JaMz f19Mipyrz,Gzo pn

i (p”, p* 4%

my +my
—i
X
(M3 — p2)(M3,, — pP)(M2 —¢?)
+ _iCch’
(M3 — p>) (M3, — p?)
n —iCz.y
(M3 — p?) (M2 —q?)
—iCyiypy —iCy
2 C/g 2 Cﬂz +ee, @D
(MJ/I/,_P Y(Mz —q°)
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1—1/2’2’2:“'70 ¢ Lele
2P, P, 9%) .
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—i
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(M7 — p*) M7 —q°)
+ —i1Cz. —1Cz;
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fDMlz)fD*MD*)\ZCGZCDD*

me

+, (22

Ms(p”. p*. ¢°) =
—i
X
(M7, = p)(Mp, — p) (M}, — q?)
+ —iCz.pr
M2 _ 2 M2 _n2
M7z — p?)(Mp. — p?)
4 _iCZCD*’
(M2 _ /2) M2 _ 2)
z. P (Mp —q
n _iCZéD*_iCZLD
(Mp. — ) (M}, = q°)

+oL (23)

In numerical calculations, we smear the dependencies of
the Cz.n, Cz.y's Czins Cz10 /9> Czop's Czoys Cz2ps Czinges
Cz.pv, Cz.p's Cz p+ and Cz p on the momentums P2,
pz, qz, and take them as free parameters, and choose the
suitable values to eliminate the contaminations from the high
resonances and continuum states to obtain the stable QCD
sum rules with the variations of the Borel parameters.

We carry out the operator product expansion up to the vac-
uum condensates of dimension 5 and neglect the tiny contri-
butions of the gluon condensate. On the QCD side, the cor-
relation functions IT{(p%, p%, ¢%) and T1,(p’, p?, ¢*) can
be written as

n 2 2 i o 1 o
I . P, = — ds ——— du
1P~ P q%) 32\@14[%3 s—p2/0

1 ) 4m?

X 2u(s+2mc) 11— —
u—gq s
ime{qq) [

4272 4m?
1 p/2 -5 — q2 4m%

X 5 ) 1-—
s—p q s
ime(GgsoGq) foo ds 1

16v272  Jam2 s — p?
p/2 —5 — q2 4mg
x =24 e
q* s
imc{ggsoGq) 9 /oo d 1
s
48v272  om% Jongrmor s — p?
N P2 —s—qg? \/A(s,m%,m%) |
q2 B ma—me
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_imc(GgsoGyq) / s
4m?2

T 16v2n?
1 I ) 4m2
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S—p q )
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(2 ptg)=—— | ds—— | du
20p7. p%q7) 32\@14[""% s—p2/0
1 4m?
X 5 Us 1-
u—q s

_imclgq) /°° 1
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pz—s— 4mC

mg

X —————
N

o 1

tmc<qgsan / ds
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2 /s, mA,mC)

—S—

X mA—>mC
q>
_imc(qgs0Gq) /OO
48v2n2  Jam?
1 p?—s—¢° 4m?
x AR FN P (25)
s—=p

where the last two terms originate from the Feynman dia-
grams where a quark pair gg absorbs a gluon emitted from
other quark line. The term

im:(Ggs0Gq) 0 /°°
48212 am% Jimasmey?

1 p?—s—q? Mo mim) 26)

MA—>NMe>
S_p2 q2 A c

s
in above equations comes from the connected Feynman dia-
grams, if we set p’2 = p2, then it reduces to

_imc(qgs0Gq) 9 foo
48272 (

1 /A, m%, md)

X > ma—me

s—p s
_imc(Gg;0Gq) d /°°
48272

1 /A5, m5, m2)
X _—e—

92
It has no contribution after performing the double Borel
transformation with respect to the variables P> = —p?

ds

ds

amz‘ ma+me)?

ds

ImA Jomatme?

P lma—sme - (27)

and Q> = —g?. It is more reasonable to performing the
Borel transformation than taking the limit ¢g> — 0, as we
carry out the operator product expansion at the large space-
like region Q> = —g?> — oo. So the connected Feynman
diagrams have no contributions in the correlation functions
l'[l/z(p/z, pz, q2), which are in contrary to Refs. [13,26],
where only the connected Feynman diagrams have contribu-
tions and the limit Q2 — 0 is taken.

For the correlation function I3(p’, p%, ¢?), only the
connected Feynman diagrams have contributions, we can
set p’2 = 4 p2 according to the relation Mz (3900) 7~
2M p+, the complex expression of the correlation function
13(p’%, p, ¢%) can be reduced to a more simple form,

imc{ggsoGq) [
M3@p?, p? g = —c === | ds
m

96+/272
1 1 9 10mZ  3m?

x ) 2\7~ 52
s—p?qg?2—mZ\2 s 2s
imc(qgsoGq) 1 oodu

96212 p2 —m2 Jm2
1 9 8mZ 15m?
. 28

* u—q? (2 u + 2u? 28)

In the limit M2 — 0, M? — 0, M, — 0 and m? — 0,
we maybe expect to choose Q% = —g? off-shell, and match
the terms proportional to Lz in the limit Q> — 0 on
the hadron side with the ones on the QCD side to obtain
QCD sum rules for the momentum dependent hadronic cou-
pling constants Gz,7/yx(Q?), Gz.n.p(Q%), Gz pp-(0?),
then extract the values to the mass-shell Q2 = —M2, —M}
or —M% to obtain the physical values [13]. However, the
approximations M3 — 0, M7, — 0 and m? — 0 are rather
crude, and we carry out the operator product expansion at
the large space-like region Q> = —¢> — oo. We pre-
fer taking the imaginary parts of the correlation functions
I1/2/3 (p'%, p*, ¢%) with respect to g> + i€ through disper-
sion relation and obtain the physical hadronic spectral densi-
ties, then take the Borel transform with respect to the Q2 to
obtain the QCD sum rules for the physical hadronic coupling
constants.

We have to be cautious in matching the QCD side with the
hadron side of the correlation functions Iy 2/3(p’, p2, ¢°),
as there appears the variable p> = (p + ¢)?. We rewrite the
correlation functions 1‘[11‘1/2 /3 (p' 3 pz, qz) on the hadron side
into the following form through dispersion relation,

59, o ul
n 2, p? ¢ = ds’' ds du
(M]/w +My)? 4m% 0

. o (s, s, u)
(" = p)(s — p)(u —q?)

59 5O uf
Hgl(p/z,pz,qz) :/ ‘ ds// ds/ du
(My+M,)? 4m? 0
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zH(s’,s,u)
(S/—P/z)(s— pHu—gq )

Zc *
né ', p?, 4% =/ ds’ /D ds/ du
MD*+MD)2

P H(' s, u)
X
" =P = PP —gq?)

+---, (30)

+., (3D

where the ,052 /3 (s', s, u) are the hadronic spectral densities,

H / . . .
s',s,u) = lim lim lim
p1/2/3( ) €3—>0ey—0e;—>0

Img Img Tmy, H{'I/zﬁ(s’ +iez, s +ier, u+iep)

X

)

3

(32)

we add the superscript H to denote the hadron s1de However
on the QCD side, the QCD spectral densities ,o Q C D (s S, u)
do not exist,

1/2/3

,oQCD(s’,s,u) = lim lim lim

e3—0e3—0e1—0

Img Img Imy, HlQ/g/g(s' +ie3, s +iex,u+ie€p)
X =0,

73
(33)

because

Imy/ (S +ies, p?,q%)
lim — M3 =

e3—>0 T

=0, (34)

we add the superscript QC D to denote the QCD side.
On the QCD side, the correlation functions HlQ/g/g

(p' 2, pz, qz) can be written into the following form through
dispersion relation,

cp Sy a
nee? (p?, p?, q2)—/ sf du
4m
QCD

(p Su)

cD Vlc P
née?(p? p?, 4% = / dS/ du
4m? 0

CD
pf

(35)

(P, 5, u)
s—pHu—q?)

+-- 0 (30)
(
n{p? p*.q% =/

ER)
ds du
2

CD
Q (%, s, u)

(s— D @D

s, u) are the QCD spectral densities,

where the pIQ/g/L; (p'?,
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‘We math the hadron side of the correlation functions with the
QCD side of the correlation functions,
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N fDM%fD*MD*)‘ZCGZCDD*

me

(40)

X
(s" —

—i
X
(M% _ /2)(M2*_ 2)(M%)—q2)
—ICZ/D*—ICZD
(M - pHM} — >

(41)
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where the integrals over ds’ are carried out firstly to obtain
the solid duality,

0

/ dsf pQCD(p s, u) /S ds

A2 A2 - (s = pHu—q?) A2

X/ 1 |:/ S/pH(P S’u):|
A2 (S— p)(u—q?) s’ — p? ’

(42)

the A% and A,% denote the thresholds 4mg, mg, 0, the A2
denotes the thresholds (M;,y + My)?, (M. + Mp)2 and
(Mp+ + Mp)?. No approximation is needed, the continuum
threshold parameter s%C in the s’ channel is also not needed.
The present routine can be applied to study other hadronic
couplings directly.

Then we set p> = p?> and p> = 4p® in the cor-
relation functions ITy2(p%, p, ¢%) and T3(p?, p?, ¢°),
respectively, and perform the double Borel transformations
with respect to the variables P> = —p? and Q%> = —¢2,
respectively to obtain the following QCD sum rules,

FaM2 £y Myyrz, Gz, 0 yx 1
My + my M2 — M2

Ze /Y
2 2
() o (5 oo ()
2

M3 2
Iy Mz
+[Czéj/¢+czén:|exp<— 7 T22>

0
s Uy
= -/.J/w s/ duu
32fn 4m 0

4m? s u
2m2) 11— —Sexp|-—5—— ]. 43
x (s +2m) 5 exP( T2 T22> )
FaeMiy foMprz,Gz.n0p 1
me -,
2 2
M2 M3 M2
x |exp | — 2 —exp|— 72 exp —722

Mz M
e P
+[Czénc+Czép]exp<— 72 _7"22)

0 0
1 SC u
= 7/ ! ds/ pduus
32274 Jam2 — Jo
< |1 4mg . K u
_ % _
s P T2

mc{qgsoGq) / m?
= -= (44)
124272 Jam2
fDMDfD*MD*KZCGZ DD
dme M%L — M%*

2
x |exp|— M% “) - exp | — MZ‘ exp | — M—%
T2 72 7}

2 2
+|Cz px+ Cy p|ex MD* —b
Z.D Z.D p T2 T22

me(Ggso Ga) /“%* 9 10m2  3m
=T, A ds | = — +
963272 Jm2 27 732
= 0
oo 5 mE\ , mel@ssoGa) [P
N 9622 2
2 m2

9 8mZ 15m? mz u
x [z - + expl —— — — |, 45
(2 w2 )P\ T ()

0 0o 0 0o .0 0 .
where the SJ g Uas Syes Ups S and u, are the continuum

threshold parameters, the T2 and T22 are the Borel parame-
ters.

In the three QCD sum rules, the terms depend on T22 can
be factorized out explicitly,

fﬂMj-zrf.]/I/fMJ/l//)‘Z(-GZC-J/Ilfﬂ 1
my +mg 1\/[2 — M2

I/
2 2
MJ/¢ MZ(
x|exp| ——5— | —exp|——3
M3
J
+[Czéj/w+czén:|exp<— Téw)

0
ST /”ﬂ 2 4mg
= ds duu<s+2m) 1—-—
32f 2r A 0 ¢ s

K u— Mj%
X exp (—2 — 5 ) , (46)
T T;
fﬂcM%Cprp}‘ZercncP 1
2 2
2mc MZC - M’h‘

| /SSC p / ’
= N uus
324274 Jam2 — Jo
| 4mg s u— Mz
X — ex
s P T2

qgsGGq/ d
N
12272 Jam?

fDM%fD*MD*chGZCDD* 1
dm, M%C —M%*

2
== |
T2

(47)
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M

2
D*
T2 )

+ I:CZéD* + CZéD] exp <—

me(Ggso Gq) /SOD* 9 10m2  3mt
= DBl [ g | - - +
96+/272 2 2 s 252
me{qgsoGyq)
96+272  Jm?

2 2
s mC—MD
xexp|l—=—5 — +
( o )
u— M>

9  8m? n 15m? m?
x| == exp|——5 — ———
2w T2 )P\ T T T

)
~——

(48)

the dependence on the Borel parameter T22 is trivial,

exp u—My exp u-M; exp =M b
- 2 - 2 - 2
Zz ) Z ) Z )

m2—M> . .
, which differ from the QCD sum rules

exp | — "T22 D
for the three-meson hadronic coupling constants greatly
[32]. It is difficult to obtain T22 independent regions in the
present three QCD sum rules, as no other terms to sta-
bilize the QCD sum rules. We can take the local limit
T22 — 00, which is so called local-duality limit (the
local QCD sum rules are reproduced from the original

QCD sum rules in infinite Borel parameter limit) [33—

2 2
35], then exp <_TL22> = exp <—';—2§> = exp <—1¥—2§) =

M; Mj
exp|—7F | =exp |7 | = 1, the three QCD sum rules

are greatly simplified.
Now we write down the simplified QCD sum rules explic-
itly,

FaM3z f19Myjyrz,Gzapyn 1
my +mg M%ﬁ - M}Nl

2 2

M3y Mz,

x lexp | ——— | —exp | ==

2
M3y
T2

/S//wd /u(}d (s 4 202)

= N uu\s m

32[714 Am 0 ¢
.2

4mz ( s )
exp(—=3 ),
s P T2

f'ltMr%gprﬂ)“ZrGZrncp 1
2m, M5 — M2

() ()]

2

M
[Czrm +Cz ]exp( ””)

32[71 AW / d””sv

@ Springer

+[Czpy + Czyn]exp (

X1 —

(49)

e (4850Gq) /
dsy[1— eXP : (50)
12[7{ 4m-
fDM fD*MD*)LZ[GZ DD*
Adm, M% —M%*

172
MIZ)* MZ(‘
X | exp —? —exp| — T2
M *
+[Cz;1)* +CZ£D] exp <— Tg )
_ e (q8s0Gq) / IOmE n 3m§ exp (_i)
96fn2 m? s 2s2 T2

me (qgrUGq> f D 9 Sm% 15m mg
- d —_ ,
* 96+/272 m2 “\2 u + w2 )P T2

D

~ M%
J— C
where M 7. =G

3 Numerical results and discussions

The input parameters on the QCD side are taken to be the stan-
dard values (q) = —(0.24 + 0.01GeV)?, (7g,0Gq) =
m%(éq), m(z) = (0.8 & 0.1) GeV? at the energy scale u =
1GeV [29-31,36], mc(m.) = (1.28 £ 0.03) GeV from the
Particle Data Group [37]. Furthermore, we setm,, = my = 0
due to the small current quark masses. We take into account
the energy-scale dependence of the input parameters from
the renormalization group equation,

_ as(Q)
(G8s0Gq) () = (quan>(Q)[ - ] ,
%(u)
o () %
mc(m=mc<mc>[ : } :
as(mc)
1 by logt
1 - ===
O[S(,LL) b : |: b(z) P
b2(log?t —logt — 1) + bob
Lol t etz DHhn | (s
byt
where t = log A2’b = 33;2n'f,bl = %,bz =
5033 325
M]T';Q*” = 210, 292 and 332 MeV for the fla-

vors ny = 5,4 and 3, respectively [37], and evolve all the
input parameters to the optimal energy scale u© = 1.4 GeV
to extract hadronic coupling constants [12,38].

The hadronic parameters are taken as M, = 0.13957 GeV,
M, = 0.77526 GeV, M,y = 3.0969 GeV, M, = 2.9834
GeV [37], fr = 0.130GeV, f, = 0.215GeV, @ =

0.85Gev,\/§ = 1.3GeV [36], Mp = 1.87GeV, fp =

208MeV,u% = 6.2GeV?, Mp- = 2.01GeV, fpr =
263MeV, 5. = 6.4GeV? [39,40], f;/y = 0.418GeV,
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Fig. 1 The hadronic coupling constants Gz, j/yx (D), Gz, (I) and G Z.DD* (III) with variations of the Borel parameter T2

fre = 0387GeV [41], /5§, = 3.6GeV, [sd =

35GeV, Mz, = 3.899GeV,1z, = 2.1 x 1072GeV?
[12,381, fxM2/(m, + mg) = —2(Gq)/fx from the Gell-
Mann—Oakes—Renner relation.

In the scenario of tetraquark states, the QCD sum rules
indicate that the Z.(3900) and Z(4430) can be tenta-
tively assigned to be the ground state and the first radial
excited state of the axialvector tetraquark states, respectively
[42], the coupling of the current J,(0) to the excited state
Z(4430) is rather large, so the unknown parameters cannot be
neglected. The unknown parameters are fitted tobe Cz; y /4 +
Czix = 0.001GeV®, Czy, + Cz, = 0.0046 GeV® and
Czp+ + Czp = 0.00013 GeV*® to obtain platforms in the
Borel windows 72 = (1.9 — 2.6) GeVZ, (1.9 — 2.5) GeV?
and (1.5 — 2.1) GeV? for the hadronic coupling constants
Gz.apyms Gzaneps Gz, pp+» respectively.

Then it is easy to obtain the values of the hadronic coupling
constants,

G 2.7 /yx] = 3.63+0.70GeV,
GZomp =438+ 1.86GeV,

G pip+| = 0.62 £0.09GeV, (53)

which are shown explicitly in Fig. 1

We choose the masses M, = 0.13957GeV, M, =
0.77526 GeV, M,y = 3.0969 GeV, M, = 2.9834GeV,
Mp+ = 1.8695GeV, Mp«w = 2.00685GeV, Mpo =
1.86484 GeV, Mp«+ = 2.01026 GeV [37], Mz, = 3.899 GeV
[1], and obtain the partial decay widths,

I'(Z}(3900) — J/ynt) =258 +£9.6MeV,
I'(Z1(3900) — nep™) =27.9 £20.1MeV,
I'(Z}(3900) — DT D**) = 0.22 4+ 0.07MeV,

I'(Z}(3900) — D°D**) = 0.23 4+ 0.07 MeV, (54)
and the total width,
Iz, =542 +£29.8MeV, (55)

which is consistent with the experimental data consid-
ering the uncertainties [1-3,5]. If we take the central
values of the hadronic coupling constants |Gz, j/yr| =
3.63GeV, Gz, = 4.38GeV, |G z.pp+l = 0.62GeV, we
can obtain the total width I" 7, (3900) = 48.9 MeV, which hap-
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pens to coincide with the central value of the experimental
dadal” = 46+ 1020 MeV from the BESIII Collaboration
[1], while the predicted ratio

_ T(Z.(3900) — DD*)
T T (Z:(3900) — J/yrmr)
_ T(Z.(3885) - DD*)
T T (Z:(3900) — J/yrmr)

from the BESIII Collaboration [4]. It is difficult to assign the
Z+(3900) and Z.(3885) to be the same diquark—antidiquark
type axialvector tetraquark state. We can assign the Z.(3900)
to be the diquark—antidiquark type axialvector tetraquark
state, and assign the Z1(3885) to be the molecular state
DT D* + D*t DY according to the predicted mass 3.89 +
0.09 GeV from the QCD sum rules [20]. If the Z.(3885) is
the DT D* 4+ D*+ D° molecular state, the decays to DT D*?
and D** D take place through its component directly, it is
easy to account for the large ratio Ryp.

Now we compare the present work with the work in Ref.
[13] in details. In the two works, the same currents are cho-
sen except for the currents to interpolate the = meson, the
operator product expansion is carried out at the large space-
like regions P2 = —p? — oo and Q% = —g? — oo. In
the present work, we take into account both the connected
and disconnected Feynman diagrams, and obtain the solid
quark—hadron duality by getting the physical spectral densi-
ties through dispersion relation, then perform double Borel
transforms with respect to the variables P2 and Q2 to obtain
the QCD sum rules for the physical hadronic coupling con-
stants directly. We pay special attention to the hadron spectral
spectral densities, and present detailed discussions and sub-
tract the continuum contaminations in a solid foundation. In
Ref. [13], Dias et al take into account only the connected
Feynman diagrams, and obtain the quark—hadron duality by
taking the limit Q2 — 0, Mj% — 0, M% — 0, Mlzj — O and
mf — 0 and choosing special tensor structures, then per-
form single Borel transform with respect to the variable P2
to obtain the QCD sum rules for the momentum dependent
hadronic coupling constants. They subtract the continuum
contaminations by hand, then parameterize the momentum
dependent hadronic coupling constants by some exponen-
tial functions with arbitrariness to extract the values to the
mass-shell Q% = —M%, —Mg or —M% to obtain the physi-
cal hadronic coupling constants. Although the values of the
width of the Z.(3900) obtained in the present work and in
Ref. [13] are both compatible with the experimental data, the
present predictions have much less theoretical uncertainties.

= 0.02 < Rexp

—624+1.1+£27, (56)

4 Conclusion

In this article, we tentatively assign the ZfF(3900) to be the
diquark—antidiquark type axialvector tetraquark state, study

@ Springer

the hadronic coupling constants Gz.j/yx: Gz.n.p> Gz, pp+
with the QCD sum rules in details. We introduce the three-
point correlation functions, and carry out the operator prod-
uct expansion up to the vacuum condensates of dimension-5,
and neglect the tiny contributions of the gluon condensate.
In calculations, we take into account both the connected and
disconnected Feynman diagrams, as the connected Feynman
diagrams alone cannot do the work. Special attentions are
paid to matching the hadron side of the correlation functions
with the QCD side of the correlation functions to obtain solid
duality, the routine can be applied to study other hadronic
couplings directly. We study the two-body strong decays
Z+(3900) — J/ynt, n.pt, DY D, DOD*+ and obtain
the total width of the Zf(3900), which is consistent with the
experimental data. The numerical results support assigning
the ZCﬂE (3900) to be the diquark—antidiquark type axialvec-
tor tetraquark state, and assigning the ZfF (3885) to be the
meson—meson type axialvector molecular state.
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