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Strong decay of Y(4230)—J /¥ f,(980) in light cone sum rules”
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Abstract: In this study, we assign the tetraquark state for the ¥(4230) resonance and investigate the mass and de-
cay constant of Y(4230) in the framework of SVZ sum rules through a different calculation technique. Then, we cal-

culate the strong coupling gy, by considering soft-meson approximation techniques within the framework of

light cone sum rules, and we use the strong coupling gyjyys, to obtain the width of the decay Y(4230) —

J/¥ f6(980). Our prediction for the mass agrees with the experimental measurement, and that for the decay width of

Y(4230) — J/y fp(980) is within the upper limit.
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I. INTRODUCTION

Y(4230) a.k.a. ¥(4230) is the first observed Y state,
which was detected through the initial-state-radiation
(ISR) technique in the process e*e™ — J/yn*n~ by the
BABAR experiment in 2005 [1] and then confirmed by
CLEO [2] and Belle [3] in the same process. An accumu-
lation of events with similar characteristics was reported
in two other processes e*e” — J/yn’z" (and J/WK*K~) by
CLEO [4] and also in the decay of B~ — ¢(4230)K~ —
J/yn*r~ K~ by the BABAR [5] collaboration.

In 2017, the BESIII collaboration announced a new
precise measurement of the e*e™ — J/yn*n~ cross sec-
tion [6], reporting updated values for the mass and width
of the Y(4230). Particularly, a second resonance is also
presented in the J/yn*n~ mass spectrum. The values of
the two observed resonances are (4222.0+3.1+1.4) and
(44.1£4.3+£2.0) MeV for Y(4230) and (4320.0+£10.4+7)
and (101.4*%3+10.2) MeV for, namely, Y(4360). Al-
though Ref. [6] proposes that the structure around 4260
MeV could be read as a superposition of these two reson-
ances, and Ref. [7] further suggests them as Y(4230) and
Y(4360) respectively, this discussion has not yet been
settled. Here, our study still concentrates on the Y(4230)
resonant state instead of discussing the combined struc-
ture.

Experimentally, the Y(4230) is directly produced in
e*e” annihilation; its spin-parity quantum number should

be J¢ =1, which is consistent with that of a vector
charmonium state. Theorists have tried to categorize it in-
to the vector charmonium group. However, because its
mass does not fit into any mass of the charmonium states
in the same mass region, andc¢ mainly decays to D® D™,
but the observed Y in such decay does not match the
peaks in the e*e” - D®*D™* cross sections measured by
the BABAR [7, 8] and Belle [9] collaborations, the
Y(4230) does not look like a normal c¢ state. Further-
more, for the 1 radially excited charmoniums, four of the
S-wave states, ¥ (1S), ¥(2S), ¥(3S), and ¥(4S), have
already been assigned to J/y¢, y¥(3686), ¢(4040) and
¥(4415) mesons, respectively, and two of the D-wave
states ¥ (1D) and y(2D) have been assigned to y(3770)
and ¥(4160) mesons, respectively. In addition, the masses
of the ¥(55) and ¥(3D) states in the quark model are 4.76
and 4.52 GeV, and are thus higher than that of the
Y(4230). According to the above analysis, one can con-
clude that Y(4230) may not be consistent with any of the
17~ cc states [10—12].

To further explain the structure of Y(4230), many the-
oretical interpretations have emerged, including that it is
a tetraquark state [13—16], a compact tetraquark state
[17], a hadrocharmonium state [18, 19], hadronic mo-
lecule of DyD*, D\D, DyD* or pp,(2420) [15, 20-22],
xaw [23], xap [24], J/WKK [25], ¢ fo(980) [26], a cc-
gluon hybrid [14, 27, 28], a charm baryonium [29], and a
coupled-channel model [30, 31]. However, within the
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available experimental data, none of these theoretical in-
terpretations can be completely accepted or excluded
from the nature of Y(4230).

For example, in the compact tetraquark model [32],
an isospin-violating process Y(4230) —»nr°J/y exists with
a sizeable decay width, where both 7°J/y and nJ/y can
be produced from Z° decay. Therefore, the interpretation
of Y(4230) in the compact tetraquark model can lead to a
peak in the e*e™ — na’J/y cross section and a very prom-
inent peak should appear in nJ/¥ mass spectrum between
the DD* threshold [33]. However, using the data from the
BESIII experiment and searching for isospin-violating
[34], no Y(4230) signal is observed. Whatever the case,
the compact tetraquark model should have isospin and
SU(3)-multiplet partner states. However, none of those
partners for y(4230) has been observed in experiments so
far. If y(4230) is a hadrocharmonium, it's structure would
be formed by mixing with another hadrocharmonium.
These two hadrocharmonia states contain spin 1 and spin
0 compact c¢ cores, respectively [18]. However, based on
BESIII data [6], the decay rate of Y(4230) to non-J/y(h.)
charmonium states should be suppressed [18], indicating
that the above suggestion may not be consistent. If we as-
sign the pp,(2420) molecule to y(4230), the binding en-
ergy being approximately 66 MeV is rather large, though
this possibility is not excluded [35]. There are other can-
didates for y(4230), e.g., DD,(2430)> D*Dy» DyD: and
D,D,,» whose open charm thresholds are around 4.26
GeV with J™ =1. Unfortunately, besides p,p, these
candidates have widths that are too broad to make a
bound state, which could not be consistent with the total
decay width of ¥(4230) [21, 36]. For the p D: molecule,
its mass is 4.42+0.10 GeV, which should also be ex-
cluded [15]. In any case, Y(4230) does not seem to be a
hadronic molecule.

The Y(4230) may also be assumed to be a charmoni-
um hybrid meson. However, in Ref. [37], the authors
found that the masses of the 17~ hybrid states lie at 4.47
GeV, heavier than the mass of the Y(4230). In non-re-
lativistic EFTs, the mass of Y(4230) may be consistent
with one state of H, hybrid multiplet, but Y(4230) disfa-
vors the hybrid interpretation since it decays to spin
triplet charmonium while H; is only a spin singlet [38].
In Ref. [39], the color halo picture was found to be com-
patible with Y(4260) decay properties, and LHCb and
Bellell were suggested to search for (0,1,2)*~ charmoni-
um-like hybrids in &.1.n7 and J/yw(y) final states. We
should not hastily conclude that Y(4230) can not be the
hybrid state.

In summary, the structure of Y(4230) at this point is
not yet fully settled.

In this study, we investigate the strong decay of
Y(4230) — J/y f,(980) observed in the process e*e™ —
J/yn*n. Notice Y(4230) will decay into a f,(980), which
fits the S-wave [sq][5g] hypothesis [40]. Furthermore, be-

ing a member of the vector charmonium family suggests
w(4230) a [cs][c5] composition. We, therefore, consider
Y(4230) to be a tetraquark state, as in Ref. [41]. This dif-
fers from other ideas, i.e., in Ref. [42], the Y(4230) was
suggested to be a J/y f,(980) bound system. We calculate
the strong coupling gy, s, using the light cone sum rules
method, with the interpolating current taken from Ref.
[15]. We evaluate the mass of Y(4230) through a differ-
ent calculation technique developed in Ref. [43], not the
usual way in two-point sum rules [44]. Comparing the
mass prediction of Y(4230) with the result in PDG [45],
we confirm our technique generalization is credible. We
then extend it to evaluate the decay constant of Y(4230),
which will be used in the numerical calculation of the
strong coupling gyyys- Finally, the decay width of
Y(4230) — J/ f5(980) is obtained, and further results are
compared with the experimental measurement and dis-
cussed.

Our work is organized as follows:

In Section II, we calculate the mass and decay con-
stant of the Y(4230) state within the two-point sum rule
approach developed by Shifman, Vainshtein, and Zakhar-
ov (SVZ sum rules) [46]. We also calculate the strong
coupling gy s, which is derived with the light cone sum
rules approach. The numerical results and discussions are
shown in Section III. We present our summary in Section
Iv.

II. CALCULATION FRAMEWORK

A. The mass and the decay constant of Y(4230)

We begin by calculating the mass and the decay con-
stant using the two-point correlation function:

I,,(p) = i/d“xei’”‘ (OIT{J,; (x)J,"(0)}10) , (1

where the interpolating currents are given by the follow-
ing expression:

EabcEdec
V2

= [s2 () Cyyscr(0)[5a(x)ysCEL ()]},

Sabxc/a'zd “ ([, (0)ysCS, O][e! (0)Cyyyssa(0)]

+12,(0)yyysC5, (0)][c, (0)Cyssa(0)]). 2

Jr(x) = {Lsqg ()Cyscp(0)[54(X)y,ysCe, (x)]

70) =

As a first step, we calculate the correlation function by in-
serting a complete set of hadronic states into Eq. (1):

(O P)) (YPTI0) /“’ A

h —
I, (p) = i —
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where the higher resonances and continuous states are
represented by pf,(8). The subtraction terms are not dis-
played because they would disappear following the Borel
transformation. We define the decay constant fy accord-
ing to

<0|J5|Y(l7)> = my fre€, C))

with €, being the polarization vector of Y(4230). After
performing the polarization sum equation, we can obtain

y Ny V(S)
Hh ( )_ Yf.Y2 (_gﬂy"' plll; )+/ d H (5)
my = p my s’ §-p?

On the right side of Eq. (5), we begin to observe a pole.
The Borel transformation can be performed on Eq. (5) to
remove the pole, which yields

H}}IV(MZ =m f2 —my/M2 <_gyv+p”pv>

2
Y

+/md@$x©eﬂMf (6)

Next, let us consider the correlation function in the
OPE side. Following the Wick Theorem for contraction
of the heavy and light quarks, we obtain

OPE
I, ~(p)
—— d4 ipx
- 2 X" €upc€dec€arbc €dre’ !

= Tr[S4 (x)ysS 2 (X)ysITHLS ¢ (=x)y,ysS & (—x)yvys]
+TrS % (x)ysS 2 Xy ysI TS 4 (=x)y,ys8 & (= x)ys]
+Tr[S 4 (X)y,ysS 2 (X)ysITHS “ (—x)ysS & (—x)yy5]
= e[S )y, ysS 2 (X)y, s I THS ¢ (—x)ysS & (=x)ys).

@)

where Sab(x) represents CS %(x)C. We accept the follow-

ing expressmn for propagators of the u, d, and s quarks in
coordinate-space [47, 48]:

iéab /)f 6abmq <C_]q>

S qan(¥) = 2m2xt 4Amx? 12

[8pt] - = z/ggv o, Z(U“VHXO'“V)

8] + 104 Ji’:;q<qq> _ ab<6181590'2Gq>x
1 2 _

[8pr]+ 1Gapx x’ﬁqé‘ég 0G4
g e

The heavy quark propagator is given in terms of Bessel
functions of the second kind K, (x) as [49]

Kl(mQ V—Xx )
Nars

1
/ dVGZ;(V)C) {(O-HV X+ XO';W)
0

my

S =15 {

. ¥K>(mg V—x?)

O +1 ( \/__x2)2 Oup

Kl(mQ V—Xx )
V —x

_ gst
1672

+ 2O'IJVK0(mQ V—xz):| .
)

Notice the heavy quark propagator here is different from
the expression presented in the usual way, for example, in
Ref. [44], where the heavy quark propagator is expressed
in the momentum space. If we use the momentum expres-
sion of the propagator in Eq. (7), we have to face diver-
gences in the double integrals such as

d*kd*k,
B (10)
/@

—mg)(k3 —m?)

As shown in Ref. [43], results without any divergences
can be obtained by using an appropriate representation of
the modified Bessel functions in the heavy quark propag-
ator, like in Eq. (9). Since here, we are using the SVZ
sum rules instead of the LCSR, we have to modify the
calculation when the particle distribution function does
not participate in Eq. (7). We showed the details of the
modification in Appendix V.C.

The correlation function I *(p) also has the follow-
ing decomposition over the Lorentz structures:

95 (p) = IO (p)g,uy + IO (p) s (11)

and we choose to work with the term ~ g,,, which can be
represented as the dispersion integral:

o OPE
~ . Ky
= [ @t (12)
4m?

where p°FE($) is the corresponding spectral density.
The Borel transformation and the quark-hadron dual-
ity can be applied to [JOPE( ) to obtain

PuPv / d3pPE(§)e M =
4m%

S )+ pup, / PEe T (13)

50

Next, take out the contribution from the continuum to get
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50
fRemM? = / dspOPE(§)e M’ (14)

4m?
The Y(4230) state mass can be determined by the sum
rule:

50
AA AN —§/ M2
/ dSSpOPE(S)e §/M
2 4m

- . (15)

SIM2
ds,\pOPE(S:)e—s/M
4m?2

my =

B. The strong coupling gy,,ys, in light cone sum rules

It is necessary to calculate the strong coupling gy s,
first, based on the light cone sum rules (LCSR), before
predicting the width of Y(4230) — J/¥ f,(980). We begin
by using the two-point correlation function:

IL,(p',.q) =1 / d*xe” { fo(@I T (0T O0)0),  (16)

where f; represents the scalar meson £,(980). Y(4230) has
momentum p’ =p+g¢q, and p, g represent the four-mo-
mentum for J/y and f;, respectively. J;/* is the interpol-
ating current of J/y given by [15, 50]

T @) = 8y (). (17)

Here, i denotes the color indexes, and C is the charge
conjugation matrix.

1. Phenomenological side calculation

Next, we must build a relationship between the correl-
ation function I1,,(p’,g) and the strong coupling gy -

By adding two complete sets of hadronic states to Eq.
(16), we can construct the phenomenological expression
of the correlation function:

<O|J;{/‘”|J/l//(P)> S @I Yy(PIY(p') <Y(P')|JVYT|0>
(p?=m3)(p* —mj;,)
ds,ds, puv(susz)

//(S1 PH(s2—p?)

where p}}v(sl,sz) represents the contributions of the con-
tinuum states and higher resonances. The lowest con-
tinuum state thresholds are indicated by the symbols s
and s5.

By parameterizing the hadronic matrix element

h ’ _
I, (p",q) =

>

(18)

O\ I/ (p)) =mypy fr10Es
(Y(OIT10) =my fre),
So@IW(PINY (D)) =gvips, (P - PIE" - &)
—(p"-&Np-&), (19)

and performing the polarization sum, we can easily show
that

hos o My fy 8y,
Hw(p ’CI) T (12 2 2 2

(p* —mj,, )(p’> —my)

(m%w, +m})

2

=I1™ (0, @)gu + 1™ (0", )PPy, (20)

_P,;Pv +

where m;,, and my are the masses of J/y and Y(4230)
respectively. ¢ and & denote the polarization vectors of
the J/y and Y(4230), respectively. gy, is the invariant
constant parameterizing the hadronic matrix element.

In this study, we choose to proceed with a structure
that is proportional to g,

Hh(p/ )= mJ/l//meJ/wagYJ/x//fom
' (P> = m3,, ) (p"* —my)

ds;ds,0"(s1,52) )
//( Psa-pn T @D

2 2
2 mJM +ny

where we define m* = . The correlation func-

tion in Eq. (21) can be transformed into the equation be-
low by applying the Borel transformations to the vari-
ables p? and p”? = (p+q)?,

B (MDB,- (M) (p',q)

) m
=my My f110 fy8yijufM” €XP {—7 - 7}

//dsldszexp{ M2

Thus, we have the following formula for a general
dispersion relation:

%//dSIdS2ImH”V(S1,S2)+“.’ (23)
T

(s1=p*)(s2—p?)

}P (s1,52). (22)
M;

I, (p'.q) =

where the subtraction terms and single dispersion integ-
rals are not provided because they would all vanish when
the double Borel transformation is applied to Eq. (23). By
choosing to proceed with a structure that is proportional
to g.,, we can represent the OPE result for the correla-
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tion function as

ds,ds, p°PE(sy, 57)
TTOPE /! :// 1292 > R 24
v G T O

where

ImII(sy, s2)
POE(s1,8) = —— 2 (25)

T

After performing the Borel transformations, we can de-
rive

HOPE(M2,M2)
//dsldszexp M2 Mz} P (s1,82).  (26)

This is accomplished by applying the quark-hadron
duality, which allows the integral of the hadronic spec-
tral density to equal that of the OPE spectral density in a
certain region:

/ dsldSZexp{ AS/I] —;ﬂ P"(s1,52)
s) 1 2

5

/ / ds;ds, exp

After equating Egs. (22) and (26) and substituting with
Eq. (27), we get the following equation for the strong
coupling:

} PPE(sr,5). (27)

mym 1 m { B }
= ex
8o J/y Yf//t//_fy 2 %P M : M 3

// ds,ds, exp Mlz Mz} PPE(s1, 52).
(28)

As we can see from Eq. (16), since the interpolating
currents of Y(4230) and J/y are located at points x and 0,
respectively, there will still be a quark element
(fo(@l[5(0)s(0)]|0) after the ¢ and ¢ quark fields are con-
tracted. This is because (fo(¢)I[5(x)s(0)]|0) disappears and
reduces to normalization factors when x — 0. This situ-
ation can be replaced by the kinematical limit ¢ — 0,
which is called soft-meson approximation [51]. Such ap-
proximation leads to the following hadronic representa-
tion:

m]/mefJ/l//f Ym

h
m(p',q) = P

grippt s (29)

and the Borel transformation on the variable p? applied to

this correlation function yields

, m? _m?
m(p'.q) = mJ/;mefJ/wnygw/er I (30)

Following [51, 52], we apply the operator

1
(1 - W) M2 31)

on both sides of the sum rules expression to remove un-
suppressed contributions to obtain

I ( 1 ) N
- 1 M m- /M
Briivh my iy fiy /) sz M?

m s R
/ dfexp 21% 2A;2"W}pOPE(S)’ (32)

which depends only on § owing to the soft-meson ap-
proximation.

2.  OPE side calculation

Considering gx,y» has a relationship to the OPE part
of the correlation function, we will calculate it. Using the
Wick Theorem, we can derive

I,,(p',q) =i / d*xe” ( fo(@)IT{J)" (x)J)7(0)}10)
/ i yeirr Sl <fo(q)| 54(0)s(0)]10)

x[(ys)S;”(xm “(=X)yys
— 1 Ys)S ()Y, S E(=x)y5]ap- (33)

For the heavy quark propagator on the light cone, we em-
ploy its expression in terms of [53]

d*k —ikx {dzb(k"' me)
Qny* © K2 —

_ 8:Gay Tapf+m)+ K+ m)T
4 (kz _ m2)2

S(x) =i

. (34
where we adopt the notation

G =G",i=12, 8. (35)

Substituting the summation and the expansion

50(0)sg; (0) = 640 5,(0)55(0),

5.(0)s5(0) = — 1 aﬁs(O)l"fs(O) (36)
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into Eq. (33), we can obtain

M,(p'q) =i / d*xe "’*8““8"“ “ ( f (@O u(0)]0)

X Tr[(ys)S? (me “(=Ys

— yys)S P (x)y, S E(—x)ysI].
(37)

where

: . TwYs
IV = 1,’}/5,’}/;1,175’)/;“ ;‘:/Q . (38)

After substituting the propagator, using the particle
distribution amplitudes (DAs) of f;(980) in Appendix
V.A and contracting the color index by the SU(N) al-
gebra,

Eabcgdec(sad(sbiaei = _CA(l - CA) = 67 (39)

we will encounter four-dimensional integrals, for ex-
ample,

d4k1 d4k2 e itk *kz)xgwkl -k
Qnt ) Qrt (kG —m2)(k3 —m2)’

(40)

In Appendix V.B., we provide the main steps to calculate
some four-dimensional integrals like in (40). By choos-
ing the term proportional to g,,, we can derive

my, fr, (3 42m?) \/25(5 — 4m2)

247128

PO () =

(41)

where my, and 7, are the mass and decay constant of
f0(980), respectwely The strong coupling is then evalu-
ated using Eq. (32). Besides, we can derive the decay
width of Y(4230) — J/y,(980) as [54]

I'(Y(4230) — J/y £,(980))

8 YJ/uf; My
#/I(my,mjw,mfo)
x (3 N ST ) ‘”’mf")> , 42)
My
where
Aab.c) = \/a4+b4+C4—2*(a2b2+b202+62a2)- 43)

2a

III. NUMERICAL CALCULATION

A. Input parameters

In this section, we present the mass and decay con-
stant of ¥(4230), and analyze the numerical results for the
decay width of Y(4230) — J/¥ fo(980). We use the follow-
ing parameters for the numerical calculation. The current
charm-quark mass, m. = (1.275+0.025) GeV, the J/y-
meson mass myy, =(3096.900+0.006) MeV and the
f0(980) mass my, = (990+20) MeV from the Particla Data
Group (PDG) [45]. The J/y and f,(980) decay constants
are taken as f;,=0.405 GeV [55] and f, =0.18+0.015
GeV [56], respectively. The current-quark-mass for the s-
quark is m, =93*!! MeV from the PDG. In addition, we
also need to know the values of the non-perturbative va-
cuum condensates. The related parameters are [15, 57,
58]

(Gq) = —(0.24+£0.01)’ GeV?,
(55) = (0.8 £0.1) X(gq),
<ﬁGG> — (0.012) GeV*,

v/

(gs50Gs) = m(z) X (5s),
mg =0.8 GeV?,

m. =1.275+0.025 MeV. (44)

The sum rule predictions depend on two parameters:
continuum threshold s, and borel mass M?2.

so 1s correlated with the first of the excited states of
Y(4230). However, the experimental results show that
there is no resonance activity associated with the states of
Y(4230). We can naturally choose sy = (myx +0.5)* GeV?,
because the mass gap between the ground state and the
first excited state is regularly around 0.5 GeV in charmo-
nia and bottomonia (Table 1).

Additionally, Table 2 contains experimental data
taken from the PDG that supports the majority of the
computations in Table 1.

Moreover, we can refer to the QCD sum rule calcula-
tions listed in Table 3. There is a mass difference of

Table 1. Quark model masses calculated for the first three
levels of charmonia and bottomonia [59].

Masses ce bb
M/GeV \n n=1 n=2 n=3 n=1 n=2 n=3

Mip (hg) 353 396 437 9.88 103  10.6
Msp, (qu) 337 388 430 9.81 102 107
Mip (xg1) 354 397 433 989 103 106
Mip, (xp) 354 398 434 989 103 106
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Table 2. Masses of experimentally observed states in the
Particle Data Group listings [36].

Masses ¢t bb

M/MeV\n n=1 n=2 n=3 n=1 n=2 n=3
Mip, (hy) 352538 - - 98993 102598 -
Mip, (xp0) 341475 - ~ 985944 102325 -
Msp, (xq) 351066 - ~ 989278 1025546 10512.1
Mip, (xg2) 355620 39225 - 991221 1026865  —

Table 3. Mass difference between the 1S and 2S hidden-
charm tetraquark states with the possible assignments [60].
Jre I 28 Mass difference References
ot X(3915)  X(4500) 588 MeV (61, 62]
I+ X(4140)  X(4685) 566 MeV [63, 64]
1= Z(3900)  Z.(4430) 591 MeV [17, 65, 66]
1+ Z:(4020) Z.(4600) 576 MeV [67, 68]

0.4~0.6 GeV between the 1S and 2S tetraquark states.
Therefore, we adopt this mass gap and employ

(4.23+0.40)2 GeV? < 55 < (4.23+0.60)2 GeV>.  (45)

The borel mass M? can be determined based on two
principles:

1. The high dimension condensates make up not more
than 10% of the total contribution to the OPE:

[T¢agsGa)+- (M2’ oo)

CVG= [IOPE (M2, 00)

' < 10%, (46)

where the ellipsis represents higher dimension contribu-
tions.

2. The pole contribution (PC) in Eq. (5) should ex-
ceed 50%

ﬁOPE(MZ, SO)
== > 0 . 4
TIOPE(M?2, 00) ~ 50% (47)

As seen in Fig. 1, the red dot indicates the point at
which CVG becomes 50%, where the maximum achiev-
able M* can be attained. We can select the minimum M?
from the black dot where PC converges with 10%. There-
fore, we require the region of M? to be

2.39 GeV? < M? <2.51 GeV?, (48)

.
A )
.
A}
.
0.6F
Al
Al
: ) !
o N
:g .. mmas=- PC
0.4}
_-2 ‘\ ........ CVG
= *
g \‘ 50%
o - * 10%
0.2} - . °
- ‘s
~ e
6’, * e
0.0} e T R TR P AT T e
2 4 6 8 10
M?[GeV?]
Fig. 1.  (color online) Convergence (CVG) and pole contri-

bution (PC) for ¢(4230).

B. The mass, decay constant, and decay width

The outcomes of the mass my and the decay constant
fv as functions of the parameters M2 are shown in Fig. 2.
The orange shape in the first picture of Fig. 2 corres-
ponds to the measurements taken by the Belle collabora-
tion [6]. The other curves show our prediction at a fixed
50 € {(4.23+0.40)%, (4.23+0.50)%, (4.23+0.60)?}. Our pre-
diction is consistent with the measurement. At a fixed
point of M? = 2.45 GeV?, our result for the mass reads

my = 4227308 GeV. (49)

Our mass prediction shows that the generalization of
our method is valid. We then extend the method to evalu-
ate the decay constant of Y(4230). The result at the same
typical point reads

fr = (0.0568 +0.003) GeV*. (50)

The mass and decay constant are input parameters to
calculate the decay width of w(4230)— J/y £,(980).

The (4230) branching ratios from PDG [45] show
that

T'(J/¥ £,(980), f,(980) — ™)
I'(J/yntn)

=0.17+0.13.  (51)

We can estimate the upper limit of I'(J/y f5(980),
f0(980) — n*n7) by assuming that ¢ — J/yn*n~ is the
only decay process of y(4230). With the width of
Iy =76.6+14.2+2.4 MeV, we can obtain

I'(y — J/y fo(980), 5(980) = n*n) =

T — T/ £5(980)B(f5(980) — nn~) < 13.022 MeV.
(52)
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6.0
m¥=4223.3*41MeV
5.5}
‘‘‘‘‘ - 50=(4.23+0.40)2GeV?
P $0=(4.23+0.05)°GeV?
%' -------- S0=(4.23+0.05)2GeV?
O, 45
> e e i i s
E e e = N = = E - e
4.0
3.5F
3.0 , , , , , ,
2.40 242 244 2.46 248 2.50
M?[GeV?]
0.060F ...\ vvvv v rrii ]
0.059
0.058}
<
) 0057 F L o e e e e e e e e
S
S 0086 e, - 50=(4.23+0.40)°GeV?
00ssf  =mee=- S0=(4.23+0.05)?GeV?
oosaf S0=(4.23+0.05)?GeV?
Y ST
2.40 242 2.44 2.46 2.48 2.50
M [GeV?3
Fig. 2.  (color online) Mass [first] and decay constant of

Y(4230) [second] as a function of the Borel parameter M> at
different fixed values of sg.

Also, from the PDG, the f;(980) branching ratios give

% — +0.11
T+ T(KER) - 1201 (53)
and the partial width gives
C(980) = yy) _

P(f5(980) = yy)

+0.05
Fhosoy  ~O30E 69

£5(980) — i, £,(980) — KK, and f,(980) —vyy are the
main decay processes of f;,(980). From Eq. (54), we ob-
tain the partial width P(f,(980) — ['(xn) +(KK)) =
0.69*00¢. So, we estimate

B(fo(980) = n'n7)
~0.757013 X P(f5(980) — ['(nm) +T(KK)) ~ 0.52.  (55)

Then, we can finally conclude that

I'(y — J/¥ £p(980)) < 25.0 MeV. (56)

As shown in Fig. 4, the blue, green, and black curves

show a clear dependence of our prediction on s, and M?.
For M? and sy, we use the same values as in the mass
analysis. The results are shown in Fig. 3 and Fig. 4. By
choosing appropriate parameters, our prediction for
8vupupy 18

Sysup = (0.245+£0.01) GeV™, (57)

Taking the average result of gy, , the width of this de-
cay can be obtained using Eq. (32):

I'(Y = J/yfo(980)) = (1.28 £0.1) MeV, (58)

which is less than the upper limit of the w(4230) —
JIYf5(980) decay width. Combining this result with the
predicted mass result, we may conclude that ¥(4230)
could be a tetraquark state. However, owing to the lack of

o000
0.260 ]
—— M2=2.39GeV 2
0.255[
—=— M?=2.45Gev 2
— 020 M2=2.51Gey 2
1
o 0245} .—.—.—H_H—H—-—H_._._._H_.-
9,
O o240}
0235}
0.230f
215 22,0 225 23.0
so[GeV?]
Fig. 3.  (color online) Strong coupling gy, s 980 as a func-

tion of the threshold parameter sy at different fixed values of
M2,

0.260 —— 59=(4.23+0.4)°GeV?
0.255 - 59=(4.23+0.5)°GeV?
59=(4.23+0.6)°GeV?
— 0.250
s
O 0.245
9,
O 240
0.235
0.230
2.40 2.42 2.44 2.46 2.48 2.50
M?[GeV?]
Fig. 4. (color online) Strong coupling gy, z980) asa func-

tion of the Borel parameter M? at different fixed values of sp.
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experimental data for the w(4230) — J/¥f,(980) decay
width, we still need further experiments to determine
whether Y(4230) is a tetraquark state or not.

IV. SUMMARY

In this research, we designate Y(4230) as a vector tet-
raquark state to concurrently analyze Y(4230)'s mass, de-
cay constant, and decay into J/yf;(980). The mass of
Y(4230) is evaluated through a different calculation tech-
nique developed in two-point sum rules, and the result is
in agreement with the mass of Y(4230) in PDG. Then, we
extend the technique to calculate the decay constant of
Y(4230). Using the light cone sum rules method, we cal-
culate the coupling constant gy, and discover the res-
ult for the Y — J/y£,(980) decay width. Then, we as-
sume that J/ynr is the most significant channel, over-
whelming all the other channels. Therefore, we can con-
sider the width of y(4230) as the width of J/ynnr. Since
we know the branching ratios of I'(J/¥f(980),
f0(980) = ntn™)/T'(J/yn*n~) from PDG, we can estimate
the upper limit of the J/y¥ f, channel. The decay width of
Y — J/y fo(980) is less than the upper limit. Our predic-
tion of the mass of Y(4230) is in agreement with that of
Y(4230) in PDG, and the decay width of Y(4230)—
J/W f,(980) does not exceed its theoretical limits. There is
a possibility that ¥(4230) could be a tetraquark. In the fu-
ture, experiments will be more helpful in determining
whether or not this structure of ¥(4230) is appropriate.

APPENDIX

A. Particle distribution amplitudes

The matrix elements of the f; can be expanded in
terms of the corresponding distribution amplitudes. Be-
low, we provide expressions for (fo(980)(@)ld(x)[“u(0)|0)
[56]:

1
(So@I5(x)y,s0)I0) = fr,q, / due™ "D, (u),
J0O

1
S @IS()s(0)I0) = my, f, / due™ " ®5, (u),
0
(fo(@I5(x)T,,5(0)]0)

o1
my = iug-x /o
= i@t~ 4% /0 due* 7 (1), (A1)

where the LCDA @, represents twist-2 light-cone distri-
bution amplitudes of f,(980), and the other two are twist-
3 distribution amplitudes. Meanwhile, we use the follow-
ing normalization

1 1 1
/ dud (1) =0, / du®, (u) = 1, / dud®Gu)=1. (A2)
0

B. The formula for LCSR

When calculating the OPE part of the correlation
function, we encountered various four-dimensional integ-
rals in the momentum spaces. Before performing the in-
tegration, it is common to use the Feynman's parametric
integral formula:

1 C(a,--a, 1 1
@ @ = (al a) / dX1~../ dx,,
Al An F(al)...r(an) 0
a7 1

X5(1—x1+---+xn)x?‘_ ooyt @B
(-xlAl Tt X, n)al+ n
In general, Feynman integrals contain
I(D; B2
o= [ G e
This integral can be reduced to
dPp 1
I(D;a,q) =
D)= [ G0 (7 + 2pg + 1)
I T@-D/2), 5 pp
= - “ B3
@ T) (m”—q°) (B3)
To obtain a formula in proportion to p, such as
Py
1(D; =
0= | G iy
1 T(a-DJ/2
@-D/2) g, B4

- (471.)0/2 [(a) (mz _ q2)—D/2+a ’
we can differentiate equation Eq. (62) with momentum ¢
one time. The higher tensors p,---p, in the integrand
come form higher differentiations. Now, when the above
equation encounters a pole in the Gamma function, where
dimension D — 4, i.e., I'(0) — oo, we can use the equation

F(l’l B %d) — /m d/l/lnfd/Zflef/laz (BS)
0

a2n—d

to eliminate the Gamma function and perform the re-
placement

“dl K"'InK
— -1 . B6
/OMe e (B6)

To obtain the final expression of the correlation function,
we need the imaginary part of the results and the integra-
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tion over the Feynman parameters.

C. The formula for mass and decay constants

Here, we present the calculation details of the integ-
ral. When dealing with Eq. (7), we need to consider a
general integral

1) = [ e o B0 V=) K V=)
@y (=) (V=)

Using the integral representation of the Bessel function

(Ch

we have

G 2
Izi/d“xelpx(xi)n/o %exp {—% (l‘1 - %)}
<[ pee 3 (o))
j+1 2 t
lir(l)) / déxe / A exp(-) / ‘z'l
xexp | - ”i(mf)}/ T exp |2 (mfﬂ
2 4 0 t{'l 2 t

(C3)
Introducing new variables
2 2
a:$,b_¥ diy = -""" da, dtz_——db (C4)
1 2

leads to the equation

(=" 1 /°° ._1/“’ ,_1/"" -
= - . da a' db b’ daa”
4r(n) 2m)'(2my)’ Jo 0 0

2 2
1
X exp {— (ﬁ + %)}/d“x exp {—f(a+b+4/l)x2—ipx
a

_(=Dn 1 i-17.j-1 -1
4T (2m1)(2m2>J/ d"/ dbab" /0 u

(a+b1+4/1)2 {(a+b+4,1)} exp {_ (m?hn;z)} ‘
(Cs)

Then, substituting a — 4a, b — 4b, we obtain

n; i+j-2 2
( i 2 / da/ dba'b- 1/ daa!
L(n) (m)(my) 0

w23

(Co)

exp

(a+b+/l)2 4(a+b+/l)

Now, we introduce the variables p, x, and y, defined by

a
p_(a+b+/l)’x_a+b+/l’y_a+b+/l' €D
Then, we have

or da o

op Ox 0y

01 da b

dAdadb = % ox Gy dpdxdy

or da o

dp Ox 0y
= p’dpdxdy, (C8)

which leads to

_Chi 277 /du (u)/ d / dx/ oo
) (mmy | ¢ ! ’

1 n—1 -p ml m%
X (py) (1 —x—y))""exp 4p } exp (4px T30y 4p(>)é 2)}

Applying the double Borel transformations with respect
to —p? — M?, we obtain

5 ( 1)n 21+/ 2 2 / / / i
T =560 Gy Jy 9 ), 4, 99
X (py) " (p(1 = x=y))" '5(Mz‘4p>
mi m
Xexp {-(4’?4'%)}
n 2-2n—i—
_ iz 2)’*”"1/ dx/ dy

T (m) <m2>f

-1 j-1 n-1 ml m2
SEAE -Gt
X7y (1 =x—y)" exp mx Ty

(C10)
M2
where Po = T .
Introducing new variables, o; = — , we have
B ( 1)"i 22—2n—i—jﬂ2 / /
I d d
D=T0) myemy oot Jy Y Jy Y

m;

xx Ty 1 - x - y)"lexp{ (7+7>0'}

C 1 1 ) )
=—— [ d dyx 'y 11 = x—yy!
F(i+j+n—1)/0 X/O pry (1 =x-y)
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2 2 ©0
ceol- (24 %)e] [ oo
0

C 1 1 ) )
— d d i-1,j-1 1—x— n—1
ra+j+n—1xl '?K ey

Here, C =

0 2 2
x/ dzexp {— (z+ M @) 0'} g2,
0 X y

(C11)

(_ 1)n1 22—2n—i—jﬂ.2
() (my)'(my)/

. Applying the double Borel

. . 1 .
transformation with respect to o — —, we obtain the
s

spectral density:

C 1 1 _ _
— d d i-1,j-1 1—x— n—1
p(s) 7m+j+n_1)/0 x/0 yx=y (1 =x—y)

x/mdzé {s—(z+m—%+m—%>}zi+j+”_2
0 X y
C 1 1
— d d i-1,,j-1 1—x— n—1
r(i+j+n—1)/0 x/o by = ay)

2 2\ i+j+n-2 2 2

m m m m
X(s——l——z) H(S——l——z).

X y X y

(C12)

Similarly, we also need to consider the integral

1

4 e XX Ki(my V=x2) K;(my V—x?)
= [ d*xe'”

o (V-2 (V=x2)
:_a(P)a(P)/d4xeipx 1 Ki(m; V=x2) K;(m, V—xz)’
n @)y (V=) (V=)
(C13)

and the derived spectral density

where C =

G, =

ol 1 1 L
- d dvx'~ J—1 1—x— n—1
p(s) F(i+j+n+1)/0 x/o yx"y T (1-x-y)

2 2\ ititn 2 2
x<s—@—&> 0<s—ﬁ—@)p,,pv
X y y

G 1 /1 i~1, j-1 -1
- d dyx "Wl = x =)
+F(i+j+n)/0 . 0 xy (1 =x=)

i+ itn—1

m% m% 1+ j+n m% m%

X|s——+—= O\ s————=)guw,
X y

B (_1)n+li 24—2n—i—jﬂ.2

o0 (myiGmy 9

(_1)n+2i 23—2n—i—jﬂ.2
L(n)  (m)(my))”
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