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Abstract

We assign the scalar tetraquark and the D-wave tetraquark state for X (4700) and calculate the width of
the decay X (4700) — J /v ¢ within the framework of light-cone sum rules. The strong coupling gx 7 /v ¢
is obtained by considering the technique of soft-meson approximation. We also investigate the mass and the
decay constant of X (4700) in the framework of SVZ sum rules. Our prediction for the mass is in agreement
with the experimental measurement. For the decay width of X (4700) — J/v¥ ¢, if we assigns X(4700) as
a scalar cscs tetraquark state, we obtain I' = (1091%2) MeV. On the contrary, if X(4700) is assigned as a
D-wave tetraquark state, we obtain I' = (17. lfg%) MeV which is much smaller than the scalar one.
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1. Introduction

In 2016, the LHCb Collaboration analyzed the BT — J /¢ ¢ K+ decay with 3 fb~! data of pp
collision at /s =7 and 8 TeV [1,2], confirmed there are four resonances in the J /¢ mass spec-
trum, i.e., X (4140), X (4274), X (4500) and X (4700). The spin parity number of X (4140) and
X (4274) states are determined to be JP€ = 11+ with 5.7¢ and 5.8¢ significance, respectively.
The JP€ of X (4500) and X (4700) states are 0FF with 5.20 and 4.9 significance, respectively.
Their masses and widths are [1]

X (4140) M =4146.5+ 45733 MeV,

r=83+2173 MeV,
X (4274) M =42733£83""2 MeV,

r=56+1175 MeV, o
X (4500) :M = 4506 + 11]2 MeV,

r=92+21"3; MeV,
X (4700) :M = 4704 £ 1073 MeV,

=120+£31"3 MeV.

So X (4700), X (4500), X (4140) and X (4274) could be an important fraction of exotic mesons,
and their study is necessary. Because the mass spectrum and hidden-flavor decay widths of
X (4140) and X (4274) have already been systematically calculated with sum rules [3] in other
previous works. Therefore, what we need to concern are X (4700), X (4500). In this paper, we
only consider the X (4700).

Since these resonance-like peaks appear in the J/vy¢ invariant mass spectrum, and J /vy ¢
contains a cc pair and a s§ pair, which implies that these states may be charmonium. The pre-
dicted mass of x.o(6P) is about 4669 MeV in the screened potential (SP) model [4], which is
very close to that of X (4700). But its predicted total width is only about 16 MeV, too narrow to
be comparable with 120 431 fg% MeV, the observed width of X (4700). Such discrepancy makes
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it difficult to understand the structure of X (4700) in this way. In the constituent quark model,
the authors in Refs. [5,6] calculated the quark-antiquark spectrum for J ¢ = 0%+ channels, and
showed that X (4700) could appear as conventional charmonium states with quantum numbers
53 Py since it lies in the predicted mass and width ranges for 53 Py. According to Non-Relativistic
QCD (NRQCD) results, X (4700) is also compatible with a charmonium y.o(4 P) [7]. However,
the higher charmonium states like x.;(n P) would have numerous decay modes to open charm
mesons, unfortunately there is no relevant mass spectrum appears in the B — D((:)) DE“S)K decays.
In addition, the coupling of the higher charmonium states to J /¥ ¢ and to J /¥ w should be very
similar, but the BaBar collaboration measured the J/¥® mass spectrum in BT — J/Y oK™
decay and did not find any structures resembling the J /¢ mass peaks [1,2], which contradicts
a charmonium interpretation for the X (4700).

Though X (4700) can’t be a pure charmonium, it could be explained as a hybrid state, a char-
monium state contains excited gluon fields. According to NRQCD, the mass of 07+ hybrid
1po(H3) state is 4566 MeV which is close to the spectrum of X (4700). However, the charmo-
nium fraction of 0 hybrid is very small. So it is difficult to understand X (4700) observed in
the J /v ¢ channel since J /¢ mainly contains cc pair.

Besides hybrid, charmonium state can also be mixed with a light hadron to form a bound
states, called hadrocharmonium. Considering that X (4700) is observed in the J /v ¢ spectrum, it
could be a bound state of J /¢ — ¢ or W(2S) — ¢p. However, the J /¢ — ¢ potential was found too
weak, in lattice QCD, to form a bound states [8]. Furthermore, the W(2S) — ¢ bound state has
already been assigned to X (4274) [9] so that rules out the possibility that X (4700) be a s-wave
W(2S) — ¢ bound state. Anyway, X (4700) could be other hadrocharmonium states in specific
regions of the parameter space. Such explanation may require different binding mechanisms [9].

To extrapolate the intrinsic structure of X (4700), a myriad of theoretical studies has turned to
the cscs tetraquark state.

It was suggested in Ref. [10,11] that X (4700) can be assigned as the 2S excited cscs
tetraquark state. X(4700) could also be explained as the radial excitation tetraquark state, for
instance, of the hidden charm tetraquarks with quark content ﬁ (uit +dd — 2s5)c€ in a diquark-

antidiquark model [12], or the S-wave radial excited compact tetraquark states within the frame-
work of the color flux-tube model with a multibody confinement potential [13]. In addition,
X(4700) could be assigned as an first radial excitation of X(4350) tetraquark state through
the color-magnetic interaction model [14], or a 2S radial excited compact tetraquark state with
JPC = 0%+ in the chiral quark model [15].

Quite apart from the above excited tetraquark states explanation for X (4700), there are several
others. For example, it has been considered as a 07 axial-vector diquark-antidiquark bound
states in the diquark model [16], or a compact tetraquark state with 7.J¥ =007 in the framework
of the quark delocalization color screening model [17]. In particular, it can also be treated as a D-
wave cscs tetraquark states [18] or a ground tetraquark state [19] by using the sum rule approach
develop by Shifman, Vainshtein and Zakharov (SVZ sum rules) [20].

Although the above theories have claimed the resonance peak in the J /1y ¢ mass spectrum
corresponds to the genuine resonance, there are other opinions [21]. In Ref. [22,23], the authors
have investigated the open-charmed mesons, J/¥ K*T, /'K, and y'¢ re-scattering effects or
threshold cusps in the process BY — J /¢ K, in which X(4700) can be simulated by the /¢
re-scattering via the 'K loops. Anyway, within the available experimental data, none of these
theoretical interpretations can be completely accepted or excluded to the nature of X(4700). At
this point, the structure of X(4700) is not yet fully settled.
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As we mentioned, with the method of SVZ sum rules, X(4700) has been investigated in
Ref. [18] and Ref. [19] in which its mass is predicted. Because of the deficiency of hidden-charm
decay width, we consider the hidden-charm decay channel in this article. In this paper, we fol-
low the same assumption that X (4700) is a D-wave tetraquark state and a groud tetraquark state
simultaneously. We evaluate the mass of X(4700) in SVZ sum rules. The results are compared
with the prediction in Ref. [18,19], and with the values in PDG [24] to ensure the credibility of
our calculation. We then extend to evaluate the decay constant of X(4700), which is needed in
the numerical calculation of the strong coupling gx j/y¢. While calculating gx sy ¢, the interpo-
lating currents are still taken from Ref. [18,19], and the method of light-cone sum rules (LCSR)
is used and the full technical details are presented, in particular, the technique of soft-meson
approximation is considered. Based on these calculations, we finally obtain the decay width of
X(4700) - J/¥¢. Then we compare the results of two different structures. As a charmoni-
umlike state, the main decay mode of the X(4700) could be the open-charm decay channels.
Although the scalar tetraquark assignment yields a large width when we compare it with the total
width of X (4700), but this conclusion still has it’s limitations before we consider the open-charm
channels. The plan to calculate the open-charmed decay has been progressing. The calculations
of the open-flavor decay widths will be the subject of a subsequent paper, the full results will
provide us with more information to give a more rational conclusion. Our present study can be
regarded as a supplement to other previous works.

Our paper is organized as follows: In Section. 2 the strong coupling gx /v ¢ Will be derived
with the approach of light-cone sum rules. And we also calculate the mass and decay constant of
the X (4700) state within two-point SVZ sum rules approach. The numerical results and discus-
sions are shown in Section. 3. We reach our summary in Section. 4.

2. Calculation framework
2.1. The mass and the decay constant of X (4700)

To calculate the mass and the decay constant, we start from the two-point correlation function:
MY (p) =i / d*xeP (OIT {7 () T 0)}10), )

where I = (1), (2) and J(}](), ]()2() are the currents interpolate the X (4700) in two different struc-

tures. They are given by [18,19]
I 0 =gijiimnls] () Cyuyscr()5n (x)ysy* Cap ()],

JE (%) =] (1) Cyu1 [Dy3 D yasy ()10 ()72 Csf () + & () yu2C5, (x)) 3)
X(gulu3g/42u4 4 gulu4gu2u3 _ gul/42gu3u4/2)

where a, b, i, j, k, m, n are the color indexes and C is the charge conjugation matrix.
We first calculate the correlation function in terms of the phenomenological expression by
inserting in Eq. (2) with a complete set of hadronic states:

SVZ,phen

01751X (p)) (X (p)1 5710 §
1_[ISVZ,phen(p) _ (0] 1 | (1;)) ( ([;)| 1 |0) —i—/df Pr _ 2( )’ @)
mLX —p s—p

s’
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where ,oSVZ P hen( ) stands for the contributions of the higher resonances and the continuum

states. The subtraction terms are not shown because they will vanish after the Borel transfor-
mation. After performing polarization sum we can derive

2 2 e SVZ.phen , »
SVZph mi x Jix P (5)
;P (p) = == 2+/ds7‘A R (5)
myy —P S—p

S/

As we can see, there is a pole appearing on the right-hand side of Eq. (5). The way of removing
the pole is to perform the Borel transformation on Eq. (5), which yields
o

SVZ.,ph —m? ., /M? ~ SVZphen A —§/M?
;P (M) = iy filge ™" +/ds'01 PR E)em M (6)

s/

Now we turn to consider the correlation function in the OPE side, after contracting the heavy
and light quark in term of Wick Theorm, we obtain

S O j il !
N (p) =i / d*xe' P eijreimnei jir€imm TS (v ysSEE () vsval -

e[S (=) y5 Y S (=) Va 5],

and
?;;ZOPE( ) = / d4xeipx
- = bb < <« cad
Trlyu1 (D 3 D paSg” (x = y) Dy3 Dya) vu1ys S (—=x)]ly=o0
(Tr[y2 827 (=) 7284 (—x)] + Trlyu2 82 (—x) 1282 (—x)] )
— Ty, 8% (—x) 112829 (—x)]
+ Tely2 889 (—x)y S (—x) [ (g 1H3ghams 4 gl gn2us _ guli2 gpudns )
X(gv1v3 v2v4 + gvlv4gv2v3 _ gv1v2gv3v4/2)
where
5P (x) = CSeP(x)C. )

For propagators of the u, d and s quarks in coordinate-space. An expression for propagators is
as follows [30,31]:

i8apx aabmq (gq) i )‘n

Seab ) =3 A T e T 12 32 29w Z(UWHXUW)
iBap¥mg(Gq) _ Sap(dgsoGq)x>  i8apx®fmy(Ggs0 G) (10)
48 192 1152
i8apx’¥g3(Gq)*  Sapx*(q9)(g;GG)
7776 27648

Notice the situation here is different from LCSR, where we do not encounter the light quark
propagator expressed in the coordinate-space. We have to face divergences in the double integrals

like
d4k1d4kzeipx_ik1x_ik2x
. (11)
f x2n /f (k]2 — m%)(k% —m2)
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As shown in Ref. [32], by using Fourier transformation

1 ab : (D/2 — 1 \P/2
- (ZH)"De—Wi(—1)"*‘20-2"710/27( r/ = & (_F) (12)

and perform dimension regulation [33] and extract the imaginary part of results, we can obtain
the results without any divergences.

The correlation function I"[IS VZ’OPE( p) can be represented as the dispersion integral

SVZ,0PE
(5)
b

o
SVZ,0PE P
Iy = = | ds—
I (p) / T2 (13)
4m?
where ,oIS VZ,0PE () is the corresponding spectral density.

By performing the Borel transformation on I'IIS vZ,0P E( p) and adopting the quark-hadron du-

ality, one can obtain

o0
SVZ,OPE A~ ~SVZ,OPE (A —§/M?
IT; (M2,OO)E/dS,OI ($)e M

¢ (14)

o
iy e [
50
Then subtract the continuum contribution yields:
50
mlz,xfl%x[m%x/Mz = / d§,OISVZ’OPE(§)€7§/M2 (15)
4m?2
The mass of the X (4700) state can be evaluated from the sum rule
0 dss SVZ,OPE(§)67§/M2

2
2 _ Jamd ! (16)

m =
LX S0 4a SVZOPE a _s/12
4m%d | (8)e3/

where the spectral densities are provided in Appendix A.2.
2.2. The strong coupling gx jy¢ in the LCSR

Before starting to predict the width of X (4700) — J/v¥ ¢, we need to calculate the strong
coupling gxy/y¢, in the framework of QCD LCSR. Let’s strat by defining the two-point corre-
lation function:

H%,ﬁ(pw,q):ifd“xe”’x (D (DI T{I ()3T (0)}10), (17)

where p, g are the four-momentum for J/v and ¢ respectively. Therefore X (4700) has four-

momentum p’ = p + g according to the momentum conservation. JL{/ ¥ is the interpolating
current of J /¢ [25,26]
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TV (x) =¢; (x) yuci (x) (18)

where i is the color index.
Next we need to establish a relation between the correlation function l'[{“/(i( P’,q) and the
strong coupling gx j/y¢. For a general dispersion relation, we have

dS]dSzImHLC(Sl,Sz)
mo o= [ | L) (19)

(s1 = pH(s2 —p)
where the subtraction terms and the single dispersion integrals are not shown, all of them will

vanish after applying the double Borel transformation to Eq. (19). Inserting in Eq. (17) with two

complete sets of hadronic states and using Eq. (19), we obtain the phenomenological expression
LC ,phen, ,
027D

of the correlation function noted by IT;’

O 17 /9 (p)) (3 (@) T ¥ ()X (p)) (X (P 10)

LC,ph
;> ' q) =
(P - ml’x)(p - m‘[/w)
+// dsidsy ,01 Phen (g1, 5) +/ dsy PI " PN (1)
(51— pH(s2— p?) (s1 — p?) (20)
s?’ Ag’ s?’
C,
) / [ dsy st (s2)
(s2—p%
sg/
LC,phen

Here contributions of the higher resonances and the continuum states are denoted by Pr,

(s1,
52), s " and s " denote the lowest thresholds of continuum states. ,ol 1 (sl) and ,0I 2 (sz) are the

add1t10nal contrlbutlons to make the double dispersion integral ﬁnlte [27]. The strong coupling
gxJ/y¢ 1s defined as an invariant constant parameterizing the hadronic matrix element

(DDI /U (PIX(P)) =gxi/pel—(q - P)(E* )+ (q-)(p-€)], (21

and the decay constants here are defined as:

(X (PH17710) =mi1x frx,
LYY (p)) = mypy f17u ens
where ¢, ¢’ are the polarization vectors of the J /v and ¢ respectively, m j;y(x) and fyy (x) are
the mass and decay constants of J /(X (4700)).

By inserting Eq. (21) and (22) back to Eq. (20), and performing the polarization sum, we can
derive

(22)

LC,phen

HLM (Plvq)=

my g fry MX X 8X1/y¢
5 ) e — () qul -
(p mLX)(P mj/w) (23)
LC,ph
=T, )lp - @€y, — p - €'qul,

where we choose the structure proportional to el’L to work with. The relevant form can be written
as
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LC,ph
=" q) =

LC,ph
myyymix fiy JUX8XT /v /fd81dszp1 PR (51, 52) (24)

(P2 = mi ) (> = m3y) (1= pH)(s2 = p)

0/ 0/

Applying the Borel transformations on variables p? and p’> = (p + ¢)? to the correlation func-
tion yields

2 2
LC,ph my my x
B (MP)B2 (MO (p', q) = m g ymux £y fix8x1 /g expl— M/Zw Mz]
i
o0 00
s1 $2 . LC,ph
+//ds1dszexp[——2 - —lp PN (51, 52).
M M2
S?/ sg/

(25)

To proceed, we represent the OPE result for the correlation function in the form of the double
dispersion integral

o
[LC.OPE )_f/dslds2 pr SO (51, 52)
R B O G ) 26)
1%
with the double spectral density
ImITCOPE (s, 5,)
e s ) = s . @7

By choosing the structure proportional to E;/ , and performing the Borel transformations on vari-
ables p? and p? = (p + q)z, we find out

oo o0
S1 52
H{‘C’OPE(M2, M22) = / f dsidss exp[—W — W]pl]“C’OPE(sl, 52). (28)
Y 1 2
51 %2
Then we employ the quark-hadron duality: assume the integral of the hadronic spectral density

o1 D51, 52) in the region {s; > s?’ , 80 > sg/ } is equal to the integral of the OPE spectral density

pILC OPE(s1 s2) in a certain region of {s; > sl, n > s2}

//dsldszexp[ S2 ILC’phen(Sl,sz)=
M}

s sy

/ f dsldszexp[—— - S—z] or O (51, 52).
1

51 Sz

(29)

Equating the double dispersion (25) and (28), and substituting (29) to (25), the result of LCSR
for the strong coupling reads:
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2 2
1 My Mpx
gxJ — eX[ + - ]
WO g frefix 0 ME M2
50 59 (30)
//dsldszexp M2 ],OILCOPE(SI,Sz)

51 )

Nevertheless, our situation differs from the standard one. From Eq. (17), we see that the in-
terpolating currents of X (4700) is located at the space-time point x = 0, and the interpolating
current of J /v is located at the point x. Therefore by contracting the ¢ and ¢ quark fields, there
remain two light quarks s and s sandwiched between the ¢ state and the vacuum states, i.e.,
(¢(g)|[5(0)s(0)]]0). We encounter the situation that the correlation function depends not on
(p(g)|[5(x)s(0)]1]0) but (¢(g)|[5(0)s(0)]]0), so that the ¢ distribution amplitude disap-
pears and reduces to normalization factor. Such situation is possible to appear in the kinematical
limit ¢ — O which means ( p + g ) = p, and the correlation function depends only on one vari-
able p?. Here, following Ref. [27], we adopt the approach of soft-meson approximation, taking
the limit ¢ — 0 and dealing with the double pole terms.

The approximation of ¢ — 0 simplifies the hadronic side of the sum rules, but leads to a more
complicated expression on its hadronic representation. The ground state depends only on the
variable p2:

m]/wmIXfJ/nlffIX
( 2 mI )2

LC,ph
;" (p)=

gxJ/pe T, 31

h 2_ 21/11/ +miy . . 2 . . .
where mi = —25—= and the Borel transformation on the variable p~ applied to this correlation

function yields [27]

2

—mj

LC,ph
PP ) = (MJ/wml xf1/0 fLx8x1 /e + AM*)e n® W +C, (32)

I
where the constant A incorporates all unsuppressed contributions, and C contains all exponen-

tially suppressed contributions. To remove unsuppressed contributions, we perform the operator
that the script in [28]

(1— Mzﬁ YM2emM? (33)

on both sides of the sum rules expression: the phenomenological side and the OPE side. So
Eq. (30) becomes

1 , d s
8xJ = (1—M"— )M
e myymrx fi/y f1.x dM?
y ,2//1// m{ (34)
LX OPE, »

50

Because of soft-meson approximation, the continuum state depends not on two variables s and
s> but one that relabel as 5.
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2.3. OPE side calculation

We already know that gx /¢ is related to the OPE part of the correlation function, so we are
going to calculate it. According to the Wick Theorem, we can obtain

(@I T{LIV (x) I (0)110) = (6 (g)| [55(0)s4(0)110)
< LysSP )y S (=) mys (35)
— 1S () VS (=) s Lap,
and
J/¥ X _ NN b
(@(ITLIV (x5 (0)110) = ((q)I[(5" D ya D i3)a(0)s5(0)10)
X [Vulggc(x)yvsgc(_x)V,U.Z]aﬂ

e (36)
+($()I [(3° D ua D 3)a(0)55(0)110)
X [0 84 () yu 82 (=) Y2l -
Therefore, the correlation functions become
nﬁlifiu(p/,q):i/d“xe"’” (G@IT(IY (x)J 71 (0)}10)
—i f d*xeP eijimn (@ ()| [54(0)s(0)110) 37)
X [V ysSE Oy SE(=x)vuys laps
and
ng*;i<p’,q)=ifd4xe""x (@@ TV (x) I35 (0)}10)
=i/d4xe"’”{<¢<q>| [G"(0)D s D u3)as5(0)110)
) i (38)
X [)’mec(x)VquC(—x))/uz lug
b <— <— a
+{p(g)I[(57(0) D;/.4D;43 )D,Sﬂ(())] |0)
< L1 S8 () SP (—=x) vz lup )
where we introduce the notation
S4(x)=CS] (x)C, 39)

and S, (x) is the propagator of quark g. For the heavy quark propagator on the light-cone we
employ its expression in terms of [20]

Sab(x) —; / d*k ikx Sap(k 4+ mc) . gstg Oup ¥k +me)+ (f+ mc)Uaﬂ
" =

e
Qm)* k2 —m?2 4 (k2 —m2)?
g Do Gl il (FP% 4 [Py g2 (1942);; GGl (fOPIY 4 forby 4 poudh)
3(k2 —m2)* 4(k? —m2)> ’
(40)

with

10
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R =+ me)ya(k+me)ya k+moys(k+me),
SO = (k4 me)ye k+me)ys(k+m.) 1)
Yu k+mo)y(k+me),

here we use the shorthand notation

Gl =G"tl,, i=1,2,---,8. (42)
It is convenient to perform the summation over the color indices by performing the replacement

5205 (0) = éadd/sa (0)s(0), (43)
and using the expansion

5¢(0)s5(0) = %FgﬂE(O)F”s(O), 44)

where the sum runs over the Dirac structures a
. Opy
T =1, Y5, Yu» i V5V ——. 45
" n \/Z ( )

Substituting the summation Eq. (43) and the expansion Eq. (44) into Eq. (37) and Eq. (38), we
obtain

Mayu(p'.q) =i / d*xe'™ ()| T{J]"V (x) )] (0)}10)

i / AP 6y jieimn (@) (O™ (0)1/0) 46)
x Te[y,ysSE () v SP (=) s T,
and
M)u(p' q) =i / d*xe'™ (¢(q)| T{J]"V (x)J3) (0)}]0)
i / 3P (S @IIG0) D s D) T5" O)110) .

x Tr[y1 8 (%) 1y S (—x) Y]

=b < S5 e .a
+ (@ (I[G”(0) D pa D ;13)459(0)]1]0)
X Trly1 89 (1) 14 82 (—x) y2l).

The Feynman diagram of Ilj) ,(p’,q) is shown in Fig. 1 and the Feynman diagrams of
), . (p'.q) is shown in Fig. 2. Fig. 1 corresponds to the leading order and next-leading
order contribution of Iy ,(p’,q). Fig. 2 corresponds to the leading order contribution of
I[1(2),.(p’. ), which is the dominant one compare to, for example, the one-gluon exchange con-
tribution.

Now we can substitute the propagator in Eq. (46) by the perturbative term of Eq. (40). Using
the Particle Distribution Amplitudes (DAs) of ¢ in Appendix A.1 and contract the color index by
the SU(N) algebra

Eabc€decbadOpidei = _CA(l —Cy) = 6, (48)

11
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Fig. 1. The leading order and one-gluon exchange diagrams contribute to IT(y) ,, ( P’ q), which are the main contribution.

we will encounter four-dimensional integrals in the momentum spaces. After above operation,
some terms in Eq. (46) will proportional to, for example

d4k1 d4k2 e_i(kl_kZ)xkl “kp / ’
[(p-q)e, —P-€qul. (49

Qm* ) @m)* (k2 — m2) (k3 —m?)

12
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Fig. 2. The leading order diagram contribute to IT,,(2)( p’. q). The one-gluon exchange vanish in M), . ( P.q).

The main steps to calculate some four-dimensional integrals like (49) can be done by dimension
regulation. Choose the structure proportional to f;p we can derive the corresponding spectral

density
I ~ n A
OPE ) _ _ f¢m¢‘ /S (s - 4m2) (2m2 + s)

P 12725
f(;lmgmd, (2GG) (6m2 — 3) § (§ — 4m2)

1447232 (5 — 4m?)°

— Lo Fyrmemy (2m? — §)\/5G —4m2) g firmemG /35— 4m?2)
272§2(4m? — %) 2725 (4m?% —§)

, (50)

and
1 —
OPE &y — [ duulol ﬁmcméfq%\’s(s_“mg)
L) $) = uu“¢; (u) 72
T2
0

; 61V

where my and fdf are the mass and decay constant of ¢ respectively. ¢2l (u) is LCDA. §4l and
Ej are three-particle distribution parameters defined in Appendix A.l, m is charm-quark mass.
The strong coupling is then evaluated by Eq. (34). In addition, we can easily obtain the decay
width of X (4700) — J /vy ¢ by applying the usual feynman diagram method [29]

(8xs/ve)? Almyx, myy, my)
T1(X 4700) — J/Yr¢) = L2270 j(mx. m g mg) 3+ el

24nmLX my

(52)
where
4 4 4 212 L 22 4 2,2
A(a,b,c)z\/a +b*+c¢ 2*2(ab + b4c +ca)' (53)
a

13
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3. Numerical calculation
3.1. Input parameters

In this section, we analyze the numerical results for the coupling constant and the decay
width of X (4700) — J/y¥ ¢, and present the mass and decay constant of X (4700) as well. We
adopt the following parameters for the numerical calculation. The current charm-quark mass,
me = (1.275 £0.025) GeV, the J /-meson mass m /4 = (3096.900 & 0.006) MeV and ¢(980)
mass mg = (990 & 20) MeV from the Particla Data Group (PDG) [24]. The J /v and ¢(980)
decay constants are taken as fy,y = 0.405 GeV [29], f, =0.18 20.015 GeV [34]. The current-
quark-mass for the s-quark is my = 93J_r;] MeV from PDG. The decay constants of ¢ is taken as
f) =0.215 GeV. The Gegenbauer moments, a| = a;" =0 and a} = 0.18, a3 = 0.14 [35]. The

parameters Cj- and Ej‘ are taken as §4J- = —0.01 and Ej‘ = —0.03 [35]. In addition, we also need
to know the values of the non-perturbative vacuum condensates. The related parameters are [36]
(Gq) = —(0.24 £0.01)% GeV?,
(ss) =(0.8£0.1) x (qq),
(ZG6G) = (0.012) GeV?,
T

(8550 Gs) =m3 x (5s),

m3 = 0.8 GeV?,
me = 1.275 £ 0.025 MeV.

(54)

The sum rule predictions for the mass, the decay constant and the coupling constant depend
on two parameters: Borel mass M2 and continuum threshold so. The value of sq is being corre-
lated with the onset of excited states of X (4700). But according to the experimental data, there
is no resonance activity related to the first excited states of X (4700). We should turn to another
way. From Table 1 which entail the masses calculations of charmonia and bottomonia, we can
find the mass discrepancy between the ground state and first excited state are all around 0.5 GeV.
Besides, the experimental data in Table 2 which extract from PDG prove most of the calcula-
tions in Table 1. Furthermore, one can refer to previous QCD sum rules caculations that assign
X (4140) and X (4685) as the 1S and 28 tetraquark states respectively and that assign Z.(3900)
and Z.(4430) as the 1S and 2S tetraquark states respectively and so on (see Table 3). The mass
difference between the 1S and 2S tetraquark states are about 0.4 ~ 0.6 GeV. So we accept the
mass discrepancy and employ

(4.70 + 0.40)*> GeV? < 59 < (4.70 4 0.60)> GeV?, (55)

or rewrite it as
(5.20 — 0.10)% GeV? < 59 < (5.20 + 0.10)*> GeV?2. (56)

After fixing 5o, we use two extra criteria to constrain the Borel mass M 2.

1. To obtain the minimal value of M2, we require that the contribution of the condensates
like (ggsGq) and higher dimension condensates in the OPE is smaller than 5% of the total
contribution:

14
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Table 1

Quark model masses calculated for the first three levels of charmonia and bottomonia [37].
Masses cc bb

M(GeV) \ n n=1 n=2 n=3 n=1 n=2 n=3
M3 p (xq0) 3.37 3.88 4.30 9.81 10.2 10.7
Msp (xq1) 3.54 3.97 433 9.89 10.3 10.6
Mip, (hg) 3.53 3.96 4.37 9.88 10.3 10.6
M3 Py (qu) 3.54 3.98 4.34 9.89 10.3 10.6
Table 2

Masses of experimentally observed states in Particle Data Group listings [38].

Masses cc bb

M(MeV)\n n=1 n=2 n=3 n=1 n=2 n=3
M3 R (qu) 3414.75 - - 9859.44 10232.5 -

Msp (Xq1) 3510.66  — - 9892.78 1025546  10512.1
Mip (hq) 352538 — - 9899.3 10259.8 -

Msp, (xq2) 3556.20 39225 - 9912.21 10268.65 -

Table 3

The mass difference between the 1S and 2S hidden-charm tetraquark states with the possi-
ble assignments [39].

JrPc 1S 2S Mass difference References
1+t X (4140) X (4685) 566 MeV [40,41]
1t Z(3900) Z(4430) 591 MeV [42-44]
ot+ X (3915) X (4500) 588 MeV [45,19]
1t Z(4020) Z(4600) 576MeV [46,47]
I:Ig 8sGq)+-- (MZ, OO)
CVG = <5%, 57

[yrE (M2, o)

where dots denote higher dimension contributions.

2. Ensure that the one-pole in Eq. (5) is valid, we require that the pole contribution (PC) should
be larger than 30% to determine the upper limit on M?

N9PEM?, 50)

PC= 77—
HIOPE(MZ, 00)

> 30%. (58)

As depicted in Fig. 3 and Fig. 4, CVG and PC decrease as M? grows higher. The green dot
betokens that CVG turns into 30%, where the maximal Borel mass M 2 can be obtained. And
the red dot present PC converges with 5% horizontal for J()f) and J()Z(), from which point, we
can select the minimum Borel mass. Subsequently, we require the working region of the Borel
parameter for mass and decay constant of J()l‘) to be in the region of

3.60 GeV? < M? < 4.13 GeV?, (59)

and J(’zf) to be in that of

15
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Fig. 4. Convergence (CVG) and pole contribution (PC) for J,

3.63 GeV? < M? < 4.17 GeV2.

3.2. The mass and the decay constant

X
(&N

(60)

In Fig. 5 and Fig. 6 we present the results of the mass mgf and the decay constant f)é as
functions of the parameters M 2 at fixed values of so € {(5.20 — 0.10)2, (5.20 + 0.0)2, (5.20 +
0.1)2}. As we seen in the first figure in Fig. 5 and Fig. 6, the yellow curves correspond to the
measurements of the Belle Collaboration [48] as shown in PDG. The blue, red and black curves
show clear dependence of our prediction on so and M?2. By choosing appropriate parameters,
our predictions are consistent with the measurements. At a fixed point of M? = 3.9 GeV?, the

masses of J()f) and Jé() are

my) = 470109

Z0.05 GeV,

16
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Fig. 5. The mass [first] and the decay constant [second] of a scalar tetraquark state X (4700) as a function of the Borel
parameter M 2 at different fixed values of 50-

and
m§) =4.6770% Gev, (62)
respectively.

The uncertainty comes from the various condensates, and the strange and charm quark masses.
Base on the Belle Collaboration measurements [48], X (4700) has mass of 4704 + 1051 MeV.
The predicted results of the two assignments are consistent with the experimental results. There-
fore we can conclude that it might be a D-wave cscs tetraquark or a scalar tetraquark state. We
then extend the same technique to evaluate the decay constant of X (4700), the results of J(}f) and

J(’é) at the same bench mark point reads

AW =mP ) =0.1979913 GevS, (63)
and
AP =m 1 =0.16470010 Gev'. (64)
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Fig. 6. The mass [first] and the decay constant [second] of a D-wave tetraquark state X (4700) as a function of the Borel
parameter M 2 at different fixed values of s(.

The mass and decay constant given above will be used as input parameters to find the decay
width of X(4700)— J /vy ¢.

3.3. The coupling constant and the decay width

We start to evaluate gx j/y¢ and give the decay width of X (4700)— J /v ¢ in order to confirm
which hypotheses are more suitable. For M2 and sg, we use the same values as in the analysis
of the mass. The result is shown in Fig. 7 and Fig. 8. Fig. 7 provides the result for the scalar
tetraquark state. The parameters M2 and s are varied inside of the regions: (3.60 — 4.13)% GeV?
and (5.10 — 5.30)2 GeV2. Our prediction for gx s,y ¢, take the average value, is

gxs/pe =06.710 GeV. (65)
The width of this decay can be obtained by Eq. (34):

[(X (4700) — J/¢r¢p) = (109133) MeV. (66)
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Fig. 7. The strong coupling gx j/y¢ of a scalar tetraquark state X (4700) as a function of the Borel parameter M 2 at

different fixed values of sg.
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Fig. 8. The strong coupling gy j/y ¢ of a D-wave tetraquark state X (4700) as a function of the Borel parameter M 2 at

different fixed values of sg.
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The total width of X (4700) from PDG [24] shows that
I'(4700) =120 £+ 31f§§ MeV,

which is close to our prediction within the error. The result seems like to indicate that if we assign
X (4700) as a scalar cscs tetraquark state then X(4700) — J /v ¢ will the predominant process.
However, since we only consider the hidden-charm meson decay channel in this paper, although
the scalar tetraquark assignment yields a larger width when we compare it with the total width of
X (4700), this conclusion still has it’s limitations before we consider the open-charm channels.
The plan to calculate the open-charmed decay has been progressing, and those calculations will

show us more information.

For D-wave tetraquark state, the results are shown in Fig. 8. The prediction for gx s,y ¢ is

+0.44
8xJ/yp =2.05"473;

GeV.
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The width of its decay can be obtained by Eq. (34) to be

[(X (4700) — J/¥¢) = (17.1752) MeV, (69)
which is much smaller than the width of X (4700) in PDG.

4. Summary

In this work we assign X(4700) as a D-wave tetraquark state and a scalar tetraquark state
to study the mass and the decay constant of X (4700), and also it’s decay X (4700) — J/y ¢.
The mass of X (4700) is evaluated through two-point sum rules, and both results of the two
assignments are in agreement with the mass of X (4700) in PDG. We also calculate the decay
constant of X (4700) in the SVZ sum rules. We then perform the calculation of the coupling
constant gxj/y¢ and the decay width by using the approach of the light-cone sum rules. We
find that the scalar tetraquark assignment yields a larger width when we compare it with the
total width of X (4700), while being a D-wave tetraquark state, the decay of X (4700) — J /¥ ¢
is much smaller. Since we only consider the hidden-charm meson decay channel in this paper,
although the scalar tetraquark assignment yields a larger width when we compare it with the total
width of X (4700), we can not conclude that X (4700) — J /¥ ¢ should the predominant process
before we consider the open-charm channels.
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Appendix A

A.l. The relations between the light-cone distribution amplitudes (LCDAs) and the matrix
elements

The matrix elements of the ¢ can be expanded in terms of the corresponding distribution
amplitudes. Here we provide the expressions for the (¢ (P)|g(0)I"?q(0)]|0) type matrix elements
[49]:

(6(P.2)[3(0)yuq(©)|0) = fymper® (70)

(#(P.2)|1000g ©]0)=if (¥ P~ e;® P,). )
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We also provide the expressions for (¢ (P)|g(0)gG4sI%q(0)|0) type matrix elements [35,50]:
1
(6(P.2)[3(0)gGupyuysq(©)]0) = flmytd el <Pﬂ Py — gmég,sﬂ> — (@< Bl (72)
1
+ gfqllngi‘ ( (A)gﬁu. el(g )gau)

1
(6 (P.1)|7(0)gGapiviq(0)] 0) = — fimyich[ef (Pﬂ P, - gmégﬁu> — (@< Bl

1
~3 qﬂm(pxﬂ(b( ()‘)g,gﬂ —eﬁ gaﬂ> (73)
(¢(P.1)]|G(0)8Gapq(O)]) = —ifFmicis, (e P — €' Pa). (74)
¢ B
(¢(P.1)]|7(0)gGapysq(0)]0) = fFm3zih (€5 P — €5 Pyy). (75)
B
(6(P,2)|§(0)8Gapopug O)|) = f;m¢[ iy (e Py + € P) (76)

A
+ ki (eg”Pﬁ — el )PO,)],

where the dual gluon field strength tensor is defined as G w = ée,wpa G*? . The generic notations
of ¢ are G-conserving and « are G-breaking parameters. {34, {3¢, k34 are twist-3 and &4, §4¢,
K44 are twist-4 parameters given in [35].

The covariant derivative is defined as

D=0, +igTAL, (77)
and it is also valid in the Fock-Schwinger gauge
xH AT (x) =0, (78)
after performing some deduction, we can derive the following relations [51]:
A% =2xvGe (0 1”‘[DG 0] l”‘ﬁ[DDG 0]*
M(x)_zx vﬂ()+3xx o vu() +8xx X oV vu( )|+
(719)

Therefore, insert the gluonic fields back to the covariant derivative and calculate
<~ <«
(¢(P)|g(0) D, D,I"q(0)|0), we obtain the desired results:

($(P)|3(0) D,y D, Tq(0)[0) = (¢ (P)[3,8,[G (1) ]lx—oT“q(0)[0) (80)
+ <¢(P)|é(0)¥GZVF“q<O)|0>
= 3,0, [($(P)|G()T“q(0)[0)]]x—0
+ % (6 (P)I7(0)gG ¢ (0)[0),

where (¢ (P)|g(0)gG,,T"“q(0)|0) type matrix elements are given before. In addition,
(p(P)|q(x)T%g(0)|0) type expressions are provided below [49]:
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(6P 1) 410, O] 0) = =i (e P, = e Py) x fit [ due™ gt ). (8D

_ 1 .
(@(P. 1) 17()y0y5q(0)|0) = = €gupoe™” PPx fymy x due™ g wu, ), (82)

/
/

1

<¢>(P, A) |q_(x)ypq(0)|0) =P, (e()‘)x> fomg x /due"”px@” (u, @) (83)
0
1

+ e[())‘)f(pm(ﬁ/duei”png)(u, ),

0
where
v), twis 1 ”
gi)’t 2, :E{fdy (yu) / ¢(yu) 7 84)
0 u
gf),twistZ /dy¢ (y ,U«) / ¢ (y M) ’ (85)
0
and
1
@y =7 | @ / (y w / ¢ (y 2 ' (86)

0

Hereu =1 —u, y =1 —y. In term of Gegenbauer polynomials, ¢g’J‘ is given as [35]

oI (u, 1) = 6uit {1+Za,!#(u)c3/2(2u - 1)}, (87)

n=1
the Gegenbauer polynomials C, ;?/ 2 (x) and coefficients a, at the renormalization scale u are given
in details in [49].

A.2. Spectral densities

In this section we provide the spectral densities for J(y and J(2). In the following expressions,
H(x) is defined as:

0 x>0
H(x) = - 88
) 1 x<O. (88)
The spectral density for J(1y can be divide into:
- ~ - G)
PATEG =l () + A (s>+p(1) ®)
~(G8s5Ga) an | = o (%GG)aq) .
+ 508790 ) 4 590" &) + 5 OV ) (89)
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with

1 1 5 R 2
.,pert y(mc +Sx(x(—)’)+x+y—1))
Py dx | dy 6 3.3 3
7687%(x — 1)°x°(y — 1)
0 0

X (m4y (?)y3 + 7y2 —3y+ 3) - 12m3msy (y2 - 1)
—2m2(x — Dx(y — 1)B36m2(y — 1)
+5y(9y® +20y% 4+ 9y + 6))
+30memgS(x — Dx(y — D2 y(y + 1)
a2 2.2 2 3 2
438200 — D223 (y — D2y(7y3 + 15y +9y+3))

xH(y (xf(x(—y)+x+y—1)+m§)), (90)
1 1 (_ >
qq
A ) = fdx/dy16n4(x—1)2x2<y—1>
0 0

X (2m5y(y +1) — 2m4mq(x —Dx (3y3 +5y% =3y +5)
+2m3(x — 1)x (y2 — 1) (m? - 3§y)

+ 2m2mg (x — 1)%x (12y4 1993 —15y2 4y — 7)
Fmi— 1220 = DAy + 1) <4§y - 3m§)

— 4m - 1P (y = 1)2 (5y3 +9y% 4+ 5y + 1))

xH(y (xf(x(—y)+x+y—1)+m§)), 1)

1 1
Ol
"“GG (ZGG)
—[ax|a
i /xf y5127‘r4(x—1)x(y—1)
0

0
(xmc <3y +7y2 4y + 1)

—m28(x — 1x (12y4 11593 —17y% — 7y — 3)

1282 — D22y — 1)? (5y3 F11y2 45y + 1))

xH (y (x@(x(—y) +x+y—-1) +m3)) ,
1

1
5@8:0Ga) (G850 Gq)
= d dy—="
oy @)= f x/ Y1927 (x — Dx
0 0

x (2m§(2x — D41
—I-szms(x — Dx (3y2 +4y+ 3)
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—3m.$§ <2x2 —9x + 7) X (y2 — 1)
— 24 (x — )22 (2y3 Fy2—y— 2))
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