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Ground states and first radial excitations of vector tetraquark states
with explicit P-waves via QCD sum rules”
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Abstract: In this study, we chose the diquark-antidiquark type four-quark currents with an explicit P-wave between
the diquark and antidiquark pairs to study the ground states and first radial excitations of the hidden-charm tetra-
quark states with quantum numbers J©C€ = 17~. We also obtained the lowest vector tetraquark masses and made pos-

sible assignments of the existing Ystates. There indeed exists a hidden-charm tetraquark state with J°¢ = 17~ at an

energy of approximately 4.75 GeV as the first radial excitation that accounts for the BESIII data.
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1. INTRODUCTION

A number of Y states, such as Y(4008), have been ob-
served in the J/yn*n~ channel [1]. Y(4220) and Y(4320)
have also been observed in the J/yn*zn~ channel [2],
Y(4230) has been observed in the wy., channel [3],
Y(4260) has been observed in the J/yn*x~ channel [4, 5],
Y(4320) has been observed in the y/'n*zm~ channel [6],
Y(4360) and Y(4660) have been observed in the y/'n*n~
channel [7, 8], Y(4390) has been observed in the #*n" A,
channel [9], Y(4469) has been observed in the D**D* r*
channel [10], Y(4484) has been observed in the K*K~J/y
channel [11], Y(4544) has been observed in the wy.
channel [12], Y(4630) has been observed in the AA7
channel [13], Y(4710) has been observed in the K*K~J/y
channel [14], and Y(4790) has been observed in the
D:*D;~ channel [15].

Recently, the BESIII collaboration studied the pro-
cesses e'e” — wX(3872) and yX(3872) using data
samples with an integrated luminosity of 4.5 fb™" at cen-
ter-of-mass energies ranging from 4.66 to 4.95 GeV, and
observed that the relatively large cross section for the
e*e” — wX(3872) process is mainly attributed to the en-
hancement around 4.75 GeV, which may indicate a po-
tential structure in the e*e™ — wX(3872) cross section
[16]. If the enhancement is confirmed in the future by
enough experimental data, another Y state, Y(4750), may
exist.

Even if Y(4220), Y(4230), and Y(4260) are the same
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particle; Y(4320), Y(4360), and Y(4390) are the same
particle; Y(4469), Y(4484), and Y(4544) are the same
particle; Y(4500), Y(4630), and Y(4660) are the same
particle; and Y(4710) and Y(4750) are the same particle,
the Y states are beyond the compatibility of the tradition-
al quark models. Thus, we have to introduce states such
as tetraquark, molecular, and hybrid to make reasonable
assignments [17-26].

In Refs. [27, 28], we chose the scalar, pseudoscalar,
axialvector, vector, and tensor (anti)diquarks as the ele-
mentary constituents to construct the four-quark currents
without introducing explicit P-waves and investigated the
hidden-charm and hidden-charm-hidden-strange tetra-
quark states with quantum numbers J*¢ =17~ and 17" in
a comprehensive and consistent manner via the QCD sum
rules. We also revisited the assignments of the X/Y states
in the hidden-charm tetraquark scenario, as presented in
Tables 1-2, where the subscripts S, P, V (V), and 4 (A)
stand for the scalar, pseudoscalar, vector, and axialvector
(anti)diquarks, respectively.

In Refs. [29, 30], we introduced an explicit P-wave
between the diquark and antidiquark pairs to construct
hidden-charm four-quark currents and explored the vec-
tor tetraquark states systematically via the QCD sum
rules. We obtained the lowest vector tetraquark masses
reported to date and revisited the assignments of the YV
states in the hidden-charm tetraquark scenario, as presen-
ted in Table 3, where the angular momenta are §=5 gt
§qa~ and fz Z+§
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Table 1.
quark states; the isospin limit is implied [27].

Possible assignments of the hidden-charm tetra-

Y. Jrc My /GeV Assignments

[uc]pldc)a — [uclaldc]p 1- 4.66+0.07 ? Y(4660)
[uclpldcla + [uclaldclp 1=t 4.61+0.07
[ucls [dcly + [uclyldcls 1- 435+0.08 2 Y(4360/4390)
[ucls [dcly — [uclyldcls - 4.66+0.09
[uclyldela — [uclaldely 1 4.53+0.07 ? Y(4500)
luclpldela + [uclaldcly, 17+ 4.65+0.08
[uclz[dcly + [ucly[dcl 1= 4.48+0.08 2 Y(4500)
luclzldely - [uclyldcly 17+ 4.55+0.07
[ucls [dcly — [uclyldels 1 4.50+0.09 ? Y(4500)
lucls[dely +[uclgldels — 17*  4.50+0.09
[uclpldcl; —[uclzldc]p 1= 4.60+0.07
[uc]pldc]; + [uclzldc]p 1" 4.61+0.08

[uclaldcla 1 4.69+0.08 ? Y(4660)
Table 2. Possible assignments of the hidden-charm-hidden-
strange tetraquark states [28].

Y. JPc My /GeV Assignments

[sclplscla = [sclalsclp 1 4.80+0.08 ? Y(4790)
[sclplscla + [sclalsclp 1= 4.75+0.08
[scls[sclv + [sclv[scls 1— 4.53+0.08
[scls [sclv = [sclvIscls 1= 4.83+0.09
[sclylscla = [sclalscly 1 4.70+0.08 ? Y(4710)
[scly[scla + [sclalscly 1+ 4.81+0.09
[sclzlsely + [sclvIsclz 1 4.65+0.08 ? Y(4660)
[sclzlscly = [sclv[sclz 1=t 4.71+0.08
[scls [scly = [sclylscls 1= 4.68+0.09 ? Y(4660)
[scls [scly + [scly[5cls 1+ 4.68+0.09 27 X(4630)
[sclplsclz — [sclz[sclp 1— 4.75+0.08
[sclplsclz + [sclzlsclp 1=t 4.75+0.08

[sclalscla 1—- 4.85+0.09

Tables 1-3 explicitly show that there is no room for
Y(4008) and Y(4750) in the vector hidden-charm tetra-
quark scenario. If we select X(3872) and Z.(3900) as the
lowest tetraquark states with J7¢ =1** and 17, respect-
ively [31-35], Y(4008) cannot be assigned as a vector tet-
raquark state owing to the small mass splitting 6M ~ 100
MeV. If Y(4220/ 4230/4260) can be assigned as the
ground state vector tetraquark state, the lowest vector hid-
den-charm tetraquark state can be obtained by the QCD
sum rules, and Y(4750) can be assigned as its first radial
excitation according to the mass gap Myurso) — Myuaso) =
0.51 GeV, which happens to be our naive expectation of
the mass gap between the ground state and first radial ex-

Table 3.
quark states with explicit P-waves; the isospin limit is im-
plied [30].

Possible assignments of the hidden-charm tetra-

1S ge> S gz S, Ly J) My /GeV Assignments
[0,0;0,1;1) 4.24+0.10 Y(4220)
[1,1;0,1;1) 4.28+0.10 Y(4220/4320)
%(|1,0§131§1>+|0,1§1,1§1>) 4.31+0.10 Y(4320/4390)
1,1;2,1;1) 4.33+0.10 Y(4320/4390)

citation.

If Y(4750) can be assigned as the first radial excita-
tion of Y(4220/4230/4260), there may exist a spectrum
for the first radial excited states, which lie at approxim-
ately 4.8 GeV. Therefore, it is interesting to explore such
a possibility.

It is known that the heavy-light diquarks &*¢7CT'Q;
have five structures, where i, j, and k are color indexes;
CTr =Cys, C, Cy,ys, Cy,, and Co,, for the scalar,
pseudoscal ar, vector, axialvector, and tensor diquarks,
respectively; and the P-wave is implicitly embodied in
the negative parity of the diquarks. We can also intro-
duce an explicit P -wave inside the heavy- 11ght dlquarks

to obtain £7¢} CT 0# Or, where the derivative 8# 8# 6;,
embodies the explicit P-wave. Then, the diquarks
£7*qCT 9, O can be used as the basic building blocks to

construct the four-quark currents and study the tetra-
quark states with J7¢ = 17~. We will explore such a pos-
sibility in our next study.

In Refs. [27-30], we used the (modified) energy scale
formula to obtain suitable energy scales of the QCD spec-
tral densities, enhance the pole contributions, and im-
prove the convergent behaviors of the operator product
expansion [36]. This is a unique feature of our research.
In this direction, we have also explored the hidden-charm
tetraquark states with J7¢ =0, 0=, 0, 1*~, 2** [37,
38], hidden-bottom tetraquark states with J€ =0**, 1*-,
2** [39], hidden-charm molecular states with J€ = 0*,
1*=, 2** [40], doubly-charm tetraquark (molecular) states
with JP=0%, 1*, 2* [41] ([42]), and hidden-charm
pentaquark (molecular) states [43]([44]), and we have as-
signed the existing exotic states consistently.

In the isospin limit, the vector tetraquark states with
the symbol valence quarks, expressed as

- uu —
I=1:ccud, cc———, ccdu,
V2
120 irdd (1)
V2

have degenerated masses. We explore the ctud tetra-
quark states for simplicity. In particular, we update the
analysis of our previous studies [29, 30] and extend these
studies to systematically explore the first radial excita-
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tions of the vector hidden-charm tetraquark states with
the QCD sum rules. We use the modified energy scale
formula to properly represent suitable energy scales of
the QCD spectral densities and make possible assign-
ments of the existing Y states as well as predictions for
the mass spectrum of the first radial excitations at an en-
ergy of approximately 4.8 GeV.

The rest of this paper is organized as follows. We de-
rive the QCD sum rules for the vector tetraquark states in
Section II. In Section III, we present the numerical res-
ults and discussions. Finally, we present our conclusions
in Section IV.

II. QCD SUM RULES FOR VECTOR
TETRAQUARK STATES
We first express the two-point correlation functions

H/zv(p) and H,uvaﬁ(p) as

() =i / dxe " (OT {1,010} 10), @

Mpos(p) = / &2 OT { (IO }0), )

where J,(x) = J)(x), J3(x) and J3(x),

gijk imn ) o _
Ju(x) = TMT’ (0)Cysc"(x) 8, d" (x)ysCe™(x), 4)
ijk nimn ) o _
Ja(0) = === u" () Cyac"(x) 8, d"(x)y" CE" (x), ®)
/12
L, (P) =——71
T M (M3 - p?)
4

+ - =
M3 (M- p?

ijk nimn ) o
YHEE [MT’ ()Cyct(x) do d"(x)y"CE"(x)
T (X)CY" M) Do "(7,C" )| | ©)
ijk nimn ) o
J(¥) = b {MT’(X)CVsc"(x) 8, d"(x)y,Ce™" (x)

+ Ul (X)Cyyc (%) B, A" (x)ysCE™ ()
—u"I(x)Cysc“(x) 8, d"(x)y, CE™ (x)

()0t () By A" ()ysCE ()] )

Under charge conjugation transform C, the currents Ju(x)
and J,,(x) have the following properties:

ClL(x)C "' = - J,(»),

Cl(0)C = = Ty (), ®)

in other words, they have negative conjugation.

At the hadron side, we insert a complete set of inter-
mediate hadronic states with the same quantum numbers
as the interpolating currents J,(x) and J,,(x) into the cor-
relation functions IT,,(p) and II,.s(p), respectively, for
proper hadronic representation [45—47]. Then, we isolate
the ground states and obtain the following expressions:

4 PuPy
L, (p) = W (_g;w+ 7 ) +ee,

=II,(p%) (—gﬂv+%) - )

(ng;mgvﬂ - ng,uﬁgm - g;urpvpﬂ - gvﬂp/ipw + gﬂﬁpvpn + gmp;lpﬁ)

) (_g/mpvpﬁ _gvﬁpupa + guﬂpvpa + nguPB) +ey

= HY(pZ) (nguagvﬂ _ng/lﬁgvoz _gﬂapvpﬂ _gvﬁpupa + guﬂpvpa + 8mPuPB)

+2(p*) (~8uaPvDs — 8vpPuPa + 8usPvPa + 8vaPulp) » (10)

where we apply the definitions of the pole residues Ay
and Az,

O7.O)Y(p) = Ay &y

A
(017, (0)Y(p)) = ﬁyysﬂmﬁ &P,

A
(O11(0)|Z(p)) = ﬁz (u1v—&114) (11)

where g, denotes the polarization vectors of the tetra-
quark states Y and Z with quantum numbers J*€ =17~
and 177, respectively. Next, we explicitly project out the
components ITy(p?) and II,(p*) with the projectors P&
and PY,

I, (p?) = PTIy(p*) = Py Tas(p),
T,(p?) = p*TiL(p*) = P4 PTup(p) s (12)
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where
1 Pp° P’y
P;}J/Vﬂ‘ﬁ=7<gllaf_ )(gvﬁ_
6 P’ P/
vy 1 107 pﬂpa v prﬁ 1 [ RY
P ﬁ=6<g# - )(gﬁ— ) g e (13

and we take the components IIy(p?) as we explore the
hidden-charm tetraquark states with J7¢ =17

At the QCD side, we accomplish the operator product
expansion up to the vacuum condensates of dimension 10
and consider the vacuum condensates that are vacuum ex-
pectations of the operators of the orders O(a*) with k < 1

. . . a,GG
consistently, i.e., we consider (gq), (T>, (Gg;0Gq),
_ v _ ., a,GG o _ 5
@97, qaX—_—), (q9Xas,cGq), (qg.0Gq)’, and

_ »,aGG .
qq) . The interested readers can consult Refs.

T
[29, 30] for further details.

Next, we adopt the quark-hadron duality below the
continuum thresholds s, and sj, and apply the Borel trans-
form with respect to P? =—p? to obtain two QCD sum
rules:

M} % s
2 Y| _ -
A5 exp (——Tz ) = / 2ds,oQCD(s)exp< TZ) . (14

4mg

M? M2,
A5 exp <—T—2Y> + 13, exp (— Tg )

Z/OdSPQCD(S)eXP (‘%) > (15)

4m?

where pocp(s) denotes the QCD spectral densities ob-
tained through dispersion relation, and s, and s;, corres-
pond to the ground states Y and first radial excitations Y,

respectively.

d

== (5)
1 = — D” = _—
We adopt the notations 7 T2 i and use

the subscripts 1 and 2 to denote Y and Y’ respectively to
simplify the expressions. Next, we rewrite the two QCD
sum rules in Egs. (14)—(15) as

Atexp (—=tM7) =Tlgep(7), (16)

/l% exp (—TMIZ) + /l% exp (—TM%) = ep(7), 17

where Tloep(7) and Tlgep(r) represent the correlation
functions below the continuum thresholds s, and s, re-
spectively. We derive the QCD sum rules in Eq. (16) with
respect to 7 to obtain the ground states masses,

» _ DIlgep(7)
My = HQCD(T) ’ (18

then it is straightforward to obtain the ground state
masses and pole residues using the two coupled QCD
sum rules; see Egs. (16) and (18) [29, 30].

Next, we derive the QCD sum rules in Eq. (17) with
respect to 7 to obtain

AIM;exp (—tM7) + M5 exp (—TM3) = Dep(7).  (19)
From Eqgs. (17) and (19), we obtain the QCD sum rules,

(D= M}) Moy (7)
MM

Afexp (-TM7) = (20)

where i # j. Then, we derive the QCD sum rules in Eq.

(20) with respect to 7 to obtain

- (D? - M3D) I}y (7)
C (D= M}) Moen(T)

)

M= (D3 - M?Dz) e ()
"7 (D= ME) Tyep()

21
The squared masses M? obey the equation

M!-bM?+c=0, (22)
where

_D’®D°-D*®D
T D29D°-D®D’
D*®D-D*®D?
C: —9
D*®D°-D®D
D/® D" = D'l (1) D e (1), (23)

with subscripts i = 1,2 and superscripts j,k=0,1,2,3. Fi-
nally, we solve the simple resulting equation and obtain
two solutions, i.e., the masses of the ground states and
first radial excitations [35, 48, 49],

b- -4
My="" (24)
2
b+ Vb2 -4
Mngc. (25)

We can obtain the ground state masses either from the
QCD sum rules in Eq. (18) or in Eq. (24). We prefer the
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QCD sum rules in Eq. (18) because there are larger
ground state contributions and less uncertainties from the
continuum threshold parameters. We obtain the masses
and pole residues of the first radial excitations from the
two coupled QCD sum rules in Egs. (20) and (25).

III. NUMERICAL RESULTS AND DISCUSSIONS

We adopted the traditional vacuum condensates
(Gq) = —(0.24+0.01 GeV)*, (Gg,0Gq) = mi{gq), m} = (0.8+

a,G
0.1) GeV?, and (T> =0.012+£0.003 GeV* atthe en-

ergy scale u=1GeV [45-47, 50]; chose the modified
minimum subtracted mass m.(m.) = (1.275+0.025) GeV
from the Particle Data Group [51]; and set m, =m,; =0.
Moreover, we considered the energy scale dependence of
the input parameters,

(1 GeV)] 77
<9qxﬂ>=<5q>a,6ev>{?45723—3} B

(1 GeV)] 757
(8,0Gq) (1) = (Gg,0Gg) (1 GeV) {M} "

()
12
33-2ns
e = me(mey | |
a,(m,.)
a(ﬂ)—i l_ﬁbit+b%(log2t—logt—l)+bob2
S bt b} t b2 ’
(26)
2
u 33-2n, 153 - 19n,
t=1 b = = 7 —
where 1=10875 s P0= T 0 T T gm0 2
5033 325

(2857 - ny+ Sm)/(1287), and Agep =210 MeV,

292 MeV, and 332 MeV for the flavors ny =5, 4, and 3,
respectively [51, 52]. We chose the flavor n, =4 because
we explored the tetraquark states consisting of the
valence quarks u, d, and ¢. We evolved all the input para-
meters to the suitable energy scales u to extract the
masses of the hidden-charm tetraquark states, which sat-
isfy  the modified energy scale formula
p= /M3y, — QM +0.5GeV)? = /M, — (4.1 GeV)?
where M is the effective charm quark mass [29, 30].

In the scenario of tetraquark states, we can tentat-
ively assign X(3915)and X(4500) to be the 1S and 2S
states with JP¢ = 0** [53, 54], respectively; Z.(3900)and
Z.(4430) to be the 1S and 28 states with J7¢ =1, re-
spectively [31, 33, 35]; Z.(4020) and Z.(4600) to be the
1S and 28 states with J*¢ = 1=, respectively [49, 55]; and
X(4140) and X(4685) to be the 1S and 2§ states with
JPC = 1%+, respectively [56, 57], where the energy gaps
between the 1S and 2§ states are approximately
0.57-0.59 GeV.

In Refs. [29, 30], we chose the continuum threshold
parameters as +/so = My +0.55~0.60+0.10GeV for the

hidden-charm tetraquark states with J*¢ = 1= the ground
state contribution can be as large as (49%—81%). Com-
pared with the wusually chosen pole contributions
(40%—60%) [37-44], the ground state contributions
(49%—81%) in the previous analysis were too large in the
QCD sum rules for the multiquark states, which may suf-
fer from contaminations from the first radial excitations.
In the present calculations, we chose slightly smaller con-
tinuum threshold parameters, +/so = My+0.50 ~0.55+
0.10 GeV, to reduce the ground state contributions and
performed a consistent and detailed analysis. Further-
more, the continuum threshold parameters s, were set as
Vs, = My +0.40+0.10GeV according to the mass-gap of
the ¢’ and y” from the Particle Data Group [51].

We searched for the suitable Borel parameters and
continuum threshold parameters via trial and error. The
pole contributions (PC) and vacuum condensate contribu-
tions (D(n)) are defined as

50/5( s
A , dSpQCD (S) exXp (—ﬁ)
pC = 2 : 27)

S
d (-7)

and

50/5(, s
/ dspocpa(s)exp (_ ﬁ)

4m?

50/56 s
/o dspQCD(s)exp(—ﬁ)

4mg

D(n) =

: (28)

respectively. Finally, we obtained the Borel windows,
continuum threshold parameters, and suitable energy
scales and pole contributions, which are listed in Tables
4-5. From the tables, we can see explicitly that the pole
contributions of the ground states (ground states plus first
radial excited states) are approximately (40%—60%)
((67%—85%)), similar to the values in our previous stud-
ies on other tetraquark states [37—44]. The pole domin-
ance criterion is properly satisfied. The contributions
from the highest dimensional condensates play a minor
role, expressed as |[D(10)] < 3% or < 1% (< 1% or
< 1%), for the ground states (the ground states plus first
radial excited states). The operator product expansion
converges better than that in a previous study of ours
[30]. Thus, we can confidently extract reliable tetraquark
masses and pole residues.

From Tables 4—7, we can see explicitly that the modi-
fied energy scale formula can be properly satisfied, and
the relations /sy = My +0.50 ~ 0.55+0.10GeV and /s =
My +0.40+£0.10GeV are held. Thus, our analysis is con-
sistent.

In Fig. 1, we plot the masses of the ground states and
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Table 4. Borel windows T2, continuum threshold parameters sp, energy scales of the QCD spectral densities, contributions of the
ground states, and values of D(10).

IS ge» S 523 S, Ly ) 1/GeV T2/GeV? V50/GeV pole(%) D(10)
[0,0;0,1;1) 1.1 2.6-3.0 4.75+0.10 (40— 65) <1%
[1,1;0,1;1) 1.2 25-29 4.80+0.10 (39-64) <3%
%(ILO;L1;1>+|0,1;1,1;1>) 1.3 3.0-34 4.85+0.10 (38-60) <1%
11,1;2,151) 1.3 2.7-3.1 4.85+0.10 (39-63) <1%

Table 5. Borel windows 7?2, continuum threshold parameters s;,, energy scales of the QCD spectral densities, contributions of the

ground states plus first radial excitations, and values of D(10).

IS ge» S g3 S, Ly ) u/GeV T2/GeV? \/50/GeV pole(%) D(10)
0,0;0,1; 1) 2.4 2.8-32 5.15+0.10 (67 —85) < 1%
11,1;0,1;1) 2.5 2.6-3.0 5.20+0.10 (67— 86) <1%

%(II,O;1,1;1>+|0,1;1,1;1>) 2.6 3.0-34 5.25+0.10 (67— 84) < 1%
11,1;2,151) 2.6 2.7-3.1 5.25+0.10 (68 —87) < 1%

Table 6. Masses and pole residues of the ground states.

IS ge,S g3 S, L J) My /GeV Ay/(1072GeV?®)
[0,0;0,1;1) 4.24+0.09 2.28+0.42
[1,1;0,1: 1) 4.28+0.09 4.80+0.95
1
—(1,0;1,1;1)+10,1;1,1; 1)) 4.31+0.09 2.94+0.50
V2
[1,1;2,1;1) 4.33+0.09 6.55+1.19
Table 7. Masses and pole residues of the first radial excited
states.
1S ge» S ge3 S, Ls J) My/GeV Ay /(1072GeVO)
0,0;0,1;1) 4.75+0.10 8.19+1.23
[1,1;0,1;1) 4.81+0.10 18.3+3.0
1
—(1,0;1,1;1) +10,1; 1,15 1)) 4.85+0.09 8.63+1.22
V2
I1,1;2,1;1) 4.86+0.10 21.7+34

first radial excitations of the hidden-charm tetraquark
states with quantum numbers J*¢ = 17~ This figure expli-
citly shows that flat platforms emerge in the Borel win-
dows. Note also that the uncertainties from the Borel
parameters are small.

Table 8 presents the possible assignments of the vec-
tor tetraquark states based on the QCD sum rules. This ta-
ble explicitly shows that there is room to accommodate
Y(4750), i.e., ¥(4220/4260) and Y(4750) can be assigned
as the ground state and first radial excited state of the
Cys 0, vsC type tetraquark states with J*¢ = 17, respect-
ively. We cannot identify a particle unambiguously with
the mass alone. In a future study, we shall investigate the
decays of those vector tetraquark candidates with the

Table 8.
assignments; 1P and 2P denote the ground states and first radi-

Masses of the vector tetraquark states and possible

al excitations, respectively.

S gerSge: S Ly J) My /GeV Assignments
[0,0;0,1;1) (1P) 4.24+0.09 Y(4220/4260)
10,0;0,1;1) (2P) 4.75+0.10 Y(4750)
[1,1;0,1;1) (1P) 4.28 +0.09 Y(4220/4320)
11,1:0,1:1) (2P) 4.81+0.10
%(u,o; LEDAI0L1L1:1) iy 4314000 ¥(4320/4390)
%(II,O;1,1;1)+|O,1;1,1;1)) @ep) 485009
|1,1;2,1;1)  (1P) 4.33+0.09 Y(4320/4390)
I,1;2,1;1)  (2P) 4.86+0.10

QCD sum rules to verify the assignments.

IV. CONCLUSIONS

In the present study, we chose the diquark-anti-
diquark type four-quark currents with an explicit P-wave
between the diquark and antidiquark pairs to investigate
the ground states and first radial excitations of the hid-
den-charm tetraquark states with quantum numbers
JP€ =17~ via the QCD sum rules. First, we considered
the ground states at the hadronic side only and updated
the previous analysis by refitting the continuum threshold
and Borel parameters. Compared with previous calcula-
tions, we obtained better convergent behaviors in the op-
erator product expansion on the QCD side and uniform
pole contributions (40%—60%) on the hadronic side.
Second, we considered both the ground states and first ra-
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color online) Masses of the vector tetraquark states with variations of the Borel parameters 72, where 4, B, C, and D stand for
q p

the 10,0;0,1;1), [1,1;0,1;1), %(|1,0;1,1;1>+|O,1;1,1;1)), and [1,1;2,1;1) states, respectively; the lower and upper lines represent the

ground states and first radial excitations, respectively.

dial excitations and focused on the first radial excitations,
obtaining new predictions. In both present and previous
calculations, we used the modified energy scale formula
M= \/ M5y, —(4.1GeV)? to select suitable energy scales
of the QCD spectral densities to improve the convergent
behavior of the operator product expansion and enhance
the pole contributions. Overall, we explored and ob-

tained the masses and pole residues of the 1P and 2P vec-
tor tetraquark states in a systematic and consistent man-
ner. We obtained the lowest vector tetraquark masses,
made possible assignments of the existing Y states, and
observed that there indeed exists a hidden-charm tetra-
quark state with J*¢ =17 at an energy of approximately
4.75GeV that can account for the BESIII data.
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