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Abstract. In this work, we evaluate the coupling constant and the form factors of the vertex
J/Y¥D};D; using the techniques of the QCD sum rules. We consider all the three mesons off
shell, resulting in three different form factors. However, despite the different form factors,
when extrapolated to the pole of each off-shell meson, we find coupling constants that are in
completely agreement each other. The result for the vertex J/¢¥DjDs coupling constant is
9s/epsp, = 4301053GeV 1.

1. Introduction

The QCD sum rules has been used in the calculation of the coupling constants and form factors
of various vertices and a great variety of mesons. Our group has calculated a graet number of
vertices as the D*Dm [1], D*Dp [2|, J/¢¥D*D [3] and many others. In recent works using the
QCDSR, vertices with the heavy beauty mesons(B, B*, By, BZ,...) were object of study as the
B*BK [4], B;B*K [5], B*B,n") [6]. Vertices with strange-charmed mesons(Ds, D*, Dyy,...) has
been studied as the J/¢DsD; [7, 8], J/9DiD?% [8] and others.

The strange-charmed vertices are a subject of a great interest actually in view of the new
exotic states detected recently. Some of them with masses that lies just above the Dg*)Dg*)
mass threshold. Exotic states means that the usual quark-model description as ¢g does not
hold for the case of new states. An example of exotic state is the Y (4140), whose its first
detection was made by the CDF collaboration [9], it has an observed decay in the pair J/¢¢.
There are some interpretations for its internal structure as the DsD* molecular state [10],
D:D* molecular state [11, 12, 13, 14], the tetraquark state [15] and a hybrid state [11].
Among these interpretations, we emphasize the molecular D} D* hypothesis, so that the decay
Y (4140) — J/¢ can be understood as an intermediate decay as Y (4140) — D*D* — J/¢.
The vertex J/9D?%D; is present in this decay, so that a precise knowledge of its form factor
and coupling constant may contribute for the understanding of the constitution of the Y (4140)
meson.

In this present work, the vertex J/¢D? D, is studied by applying the QCDSR formalism. The
development of this work consists in evaluating the form factors from the three point correlation
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function with quark and gluons degrees of freedom(OPE side) and with hadronic degrees of
freedom(phenomenological side); so, the next step is to perform a double Borel transform in
both sides and equating them. From the calculated form factor, we obtain the coupling constant
by extrapolating its value to the pole of the off-shell meson.

2. Formalism

In this work, we calculate three different three point correlation functions [16], each
corresponding to each off-shell meson. The correlation functions corresponds respectively to
J /1 off-shell, D¥ off-shell and Dy off-shell.

L p,p) = /(0/|T{j5Ds (x)j,{/w(y)ij:T(O)}|0/> P T W A dty, (1)
F;(B:)(P,P/) = /<0/|T{jé)s (m)jfﬁ(y)ji/w(o)}|0/> P T rdty, (2)
TP (p,p) = / (O17{52% ()32 ()] 1)}y eP et adly, (3)

where ¢ = p’ — p is the transferred momentum.

Firstly, these correlation functions are calculated using the quarks and gluons degrees of
freedom(OPE side) and using the hadron degrees of freedom(phenomenological side). Then, the
form factors and the coupling constants are obtained by equating both sides using the quark-
hadron duality, after applying a double Borel transform in both sides.

2.1. The phenomenological side
The effective Lagrangian of J/¢ DDy vertex [17, 18] is given by

6 — _
Lyjypi, = =95/90:0,e" 1 0aths (0, D5 DT +0,D:5 D) (4)
where 9123 = 41 is the Levi-Civita totally antisymmetric tensor.
From this Lagrangian, we obtain the vertices of the hadronic processes that are used to the
calculation of the phenomenological side . For the J/v, D} and D; off-shell cases, these vertices
are, respectively:

(D3 (p)J/$(@)|Ds () = i95), D, p. (4% (@, Nes(p, N aapy=?, (5)

(T/0(E)D@IDs@) = 955 p, (62)ep(p, Nes(g Npagy=®™ (6)

(T/0(p)Ds(@)| D3 (P) = ~ig$)3 e b (6)ea(p, Nes (0 Npap), e, (7)
where gf,%?m D, (¢?) is the form factor of the J/¢ D} Dy vertex with meson M off-shell (M =
J/, Ds, D).

Using each of these vertices in the corresponding correlation function, we can obtain the
phenomenological side. It is convenient to make the change of variables p?> — —P?, p/? — — P’
and ¢> — —Q?. Then, we have the correlation functions of the phenomenological side for each
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off-shell case:

J A
Cgt(]/{ﬁ%; Dy (q2 )p/ pagul/)\a

[‘P’;EH(J/W —
7 (p2+m2D;k)(q2+m2j/¢)(p +mDs) (8)
+h.r.,
(D3) A o
then(D;‘) _ _Cng/wD;‘D5 (q )p, P Euvro
" (p? +m3 ), )(@® +mp ) (0 +m,) 9)
+h.r.,
(Ds Ao
then(DS) _ CgJ/w)Dj;DS (q )p/ P Euvio
(P* + mg/w)((ﬂ + mDS)(P + mD;) (10)
+h.r.,

where h.r. stands for the contributions of higher resonances and continuum states of each meson
and C' is defined as:

ID.fDs f1pmb mpm g

O —
(me + ms)

(11)

2.2. The OPE side
In order to obtain the OPE side; in the egs. (1), (2) and (3), we use the interpolating currents

in terms of quark fields: j,{/w = CYuC, gD Dim — cyys and j5DS_ = icyss. The OPE side is an
expansion named as Wilson’s Operator Product Expansion. This expansion is dominated by
the perturbative term and followed by the non-perturbative contributions:

FSIFE(M) — Fﬁirt(M) + leo/n—pert(M) , (12)

where Fff,rt(M) is the perturbative term and I', are the non-perturbative contributions

to the correlation function. Considering the similarities between the J/¢¥D}Ds and both
J/YWDsDg and J/¢D*D vertices, we expect a similar behavior regarding the OPE series as
obtained in the two latter works [3, 7].Therefore, it should be adequate to consider non-
perturbative contributions up to the mixed quark-gluon condensate:

non-pert(M)

I-\Z’gn—pert _ F(qq) + qu<Q‘Z> + F}(gf(ﬂ) + Fl(gjgaG’q) + FZL;@QUG@ ) (13)

The calculation of eq. (12) regarding the perturbative and the non-perturbative contributions
of eq. (13) corresponds to the calculation of the diagrams of fig. 1. The J/¢ off-shell case
is the only that has contributions from all the non-perturbative terms as a consequence of
the application of the Borel transform. In the Dy and D7 off-shell cases the non-perturbative
contributions are suppressed because these cases involves the condensates of charm quark that
are very small or even zero.

Using the dispersions relations, the perturbative term (fig. 1a) for a given meson M off-shell
can be written as:

pert(M) pﬁiﬁ 8 u t)
Trert M) () = L s, (14)
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where the spectral density pﬁeft( )(s, u,t) is obtained by the application of Cutkosky’s rules.

The quantities s = p?, u = p'? and t = ¢® are the Mandelstam variables.
The eq. (14) is the main contributing term of the OPE series in a QCDSR calculation. The
spectral density can be parametrized as:
3 A
M?/Tt(M) (S, u, t) = WF(M) (8, u, t)p, pa—gul/AU ) (15)

where A = (u+ 5 — t)? — 4us and FM) is an invariant amplitude. For the .J/1 and D; off shell,
the invariant amplitude can be written as:

FU) = (m, —me)(A+ B) —ms, (16)
FWPs) = DY) = (;m, — m)B —me, (17)
where
Ao [ko polk]cosel B |l€’C_€)S@‘ (18)
Vs Vs 4
The quark condensate in fig. 1b corresponds to the first non-perturbative contributions:
_ Ao
e (J/9) — (5500 P o : (19)
T = md) e - md)

The expressions for the gluon condensates ((g?G?)) of fig. 1d-1i and mixed quark-gluon
condensates ((Sgo - Gs)) of fig. 1j-1o for the J/v off-shell case can be found in Ref. [23].

2.8. The QCD sum rules

In order to obtain the expressions for the form factors, we make the change of variables
p? — —P?, p? - —P 2 and ¢> — —Q? followed by a double Borel transform to both sides
of the QCDSR in egs. (8)-(10) and (12), which involves the transformation: P? — M? and
P? — M", where M and M’ are the Borel masses. After that, we equate the phenomenological
and OPE sides, taking the quark-hadron duality. So, we obtain the QCDSR expressions for the
form factor for each case off-shell:

7r2 55 ff ; \}F J/ll))e M26 ﬁdsdu—i—[y’[ﬁ [I‘non—pert]

(J/¥) 2y _
gJ/wD*Ds (Q ) - c e_mD§ /M26_m%S/M,2 ’ (20)
(Q2+m2]/w)
(D?) (QZ) 47r2 Smf fmf \lfF(D ¢ e N dsdu + BB [F<Q2G2>] (21)
93/6D;D. (Q2+C , )e m3 /M2 —m, /M2 ’
mD*
L] 22
(Ds) 2 47T2 slnf f Uin g f e iz e 5 dsdu + BB [ﬂg >]
gJ/wD;Ds (Q ) = C —m?2 /M2 _m2 */Ml2 ) (22)
W@ I/ e Dg
Ds
As the QCDSR, the definition for the coupling constant g/, p:p, is given by:
: (M) 2
g im , 950 (@) (23)
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Figure 1: Contributing OPE diagrams for J/1(D?) off-shell. The D, off-shell case corresponds
to a permutation of the Dy and D} mesons of the D} off-shell case.

To calculate the coupling constants, it is necessary to extrapolate the results for the form
factor to the region of Q% < 0. From eqs. (20)-(22) we can obtain the coupling constant from
three different form factors, one for each meson off-shell. However, the coupling constant must
be the same regardless the form factor used for the extrapolation. This condition is used to
minimize the uncertainties in the determination of the coupling constant.

3. Results and discussion

The vertex J/¢D%Ds has three different form factors shown in egs. (20)-(22) . We perform
numerical calculation of these form factors that gives results that must be fitted to an analytical
function of Q2. To minimize the uncertainties, it is required that these three form factors lead
to the same coupling constant. This condition is useful to find the Borel masses and continuum
thresholds and to reduce the errors.
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Table 1: Parametrization of the form factors and numerical results for the coupling constant of

this work.
Quantity J/v off-shell  D? off-shell D, off-shell
Q? (GeV?) [0.5, 2.0] 1.0, 3.0] [1.0, 4.0]
M? (GeV?) [7.0, 7.9] 5.3, 7.3] (4.9, 5.9]
M 02 _02
9510p:0, (@) T Ae~@/P Ae~@/P
193.4 GeV  2.003 GeV~! 2.330 GeV~!
B (GeV?) 54.46 6.027 6.122
Bpipep, £ (GeVTY) 431513 420142 4.39%1 55

Table (1) shows the parameters used in this calculation. The continuum threshold parameters,
so and ug, are defined as sg = (m; + A;)? and ug = (m, + A,)?, where the quantities A; and
A, have been determined imposing the most stable Borel window. In order to include the pole
and to exclude the contributions from higher resonances and continuum states, the values for
Ay, Aps and Ap, cannot be far from the experimental value (when available) of the distance
between the pole and the first excited state [19, 24]. In our analysis, we have found that the best
values are Ap, = 0.6 GeV and Ap: = A/, = 0.5 GeV, which leads to a stable Borel windows
for the three off-shell cases, as shown in fig. 2 for J/¢ and D; off-shell. Figures for D} off-shell
are omitted as they are very similar to the D, off-shell case.
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Figure 2: OPE contributions for J/1 off-shell (panel (a)) and D off-shell (panel (b)).

Besides the values of the Borel masses and the continuum thresholds, we also need to know
the values of decay constants, quark masses, condensates and hadrons and quark masses. These
values are: fp, = 257.154+6.1(MeV) [19], fp: = 301£13(MeV) [19], f;/p = 416+6(MeV) [19],
me = 1.277557 (GeV) [19], ms = 10172 (MeV)[19], (5s) = —(290 + 15)% (MeV?)[25],
(g?G?) = 0.88 £0.16(GeV*)[26], (590 - Gs) = (0.8 £0.2)(5s)(GeV?)[27]. The masses of hadrons
of this vertex are mp, = 1.968 GeV, mp; = 2.112 GeV and m /y, = 3.097 GeV [19].

The form factor obtained for the J/v off-shell case was well adjusted by a monopolar curve,
while for the D} and D; off-shell cases, the form factors were well adjusted by exponential curves

in fig. 4. The coupling constant of the J/v off-shell is gff%p%*Ds +o(GeV™h = 4.31i%:§(1]G6V_1.
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Figure 3: Pole and continuum contributions for the J/v off-shell (panel (a)) and for Dy off-shell
(panel (b)), both at Q? = 1 GeV?2.

The value found for the D¥ off-shell case is gf,?izj*Dg + o(GeV ™) = 4.207132GeV ! and the

coupling constant of the Dy off-shell case is g‘(]%p)D:DS + o (GeV™h) = 4.397153GeV L.

T o J/y off-shell ]
o D off-shell
o D, off-shell

T R— 3 - 3 0 2 4
Q@ (GeV?)

Figure 4: Form factors of the J/¢¥D}D; vertex.

4. Conclusion
In this work we have calculated the g;,,p:p, coupling constant by three different QCD sum
rules: one with the Dy meson off-shell, another with the D} meson off-shell and a third one with
the J/1 meson off-shell. This procedure allowed us to reduce the uncertainties related to the
method, leading to compatible coupling constants, as seen in fig. 4.

Taking the mean value between the numbers presented in table 1, we obtain the following
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final result for g;/yp:p,:
9sjppsp, = 4301153 Gev=1 . (24)

This coupling constant was obtained from sum rules that respect the pole dominance over
the continuum, the perturbative contribution of the OPE being the dominant one and the form
factor stability regarding the Borel mass in the whole Borel window, as shown in fig. 3.

In these results, there is the form factor given by a monopolar parametrization when the
heaviest meson (J/v) is off-shell, while an exponential one is the case when one of the lightest
mesons (Dg or DY) is off-shell. Furthermore, the OPE series presents, in both vertices, the same
hierarchy for the contribution of each term, as well as comparable contributions among terms
of the same dimension.

We can also compare our result for the g;/4pxp, coupling constant eq. (24) with the results
of previous QCDSR works, presented in table 2.

Table 2: Values of coupling constants obtained using different methods.

QCDSR [20] (GeV)~™!  QCDSR [3] (GeV)~! QCDSR [7] VMD |[21, 22]

97/p:p, =3.03+£0.62 gyupp=40%+0.6 g5yp,p, =598 g5ypp = T7.44

Finally, we can compare our result with the coupling constant g/, pp from the vector meson
dominance (VMD) [21, 22] using the SU(3) and HQET relations, which leads to g,y p:p, = 3.84

GeV~L. This coupling is also compatible with the one of eq. (24) within 1o.
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