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The structure of the Ds1(2460) meson has not yet been exactly known in the quark
model. Considering the Ds1 meson as a conventional ¢s meson, we investigate the strong
form factors and coupling constants gp_, px and 9D,y D* K in the framework of the
three point QCD sum rules. Any future experimental measurement on these form factors
as well as coupling constants gp_, pxx and 9D D* K and their comparison with the
obtained results in the present work can give considerable information about the struc-
ture of this meson.
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1. Introduction

There are various application for the strong form factors and coupling constants
associated with vertices involving mesons in QCD. They are important for expla-
nation of hadronic processes in the strong interaction. Also determination of strong
coupling constants can provide a real possibility for studying the nature of the
bottomed and charmed pseudoscalar and axial vector mesons. Therefore they have
received wide attention for the new researches in QCD. Some are as follows.

e In the hadronic decays of B meson, the strong coupling constants among the
charmed meson such as gp+«p+p, gp+pp, gppyv and gp«p+y, where P and V
stand for pseudoscalar and vector mesons respectively, play an important role in
understanding the final state interaction.!
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e In production of charmonium ¢/ J, ¥ (2s), . .., which are useful sources of informa-
tion in heavy ion collisions, the vertices involving charmed meson, namely
9pDw) 15 9p+Dyp/s And gp«psy g appear.?

e To recognize the structure of the new hadron states such as By, Bs1, Dso and
Dg;, one can estimate the strong coupling constants ¢gp.,Bx, §B..BKs 9D.cDK
and gDle*K~47375

The structure of the charmed-strange meson Dg;(2460) with the spin-parity
(J¥ = 17%) has not been resolved, yet and has been debated in the quark model.
Therefore different theoretical efforts are applied to the understanding of D41 meson
structure and quark content via various hadron states.®1® However, some physicists
presumed that this discovered state is conventional ¢35 meson.'626 Analysis of the
D41(2460) — Di~ and Dg, (2460) — D, (2317)y show that the quark content of
this meson is probably ¢5.27

In this work, we focus on charmed-strange meson Dg; and consider the strong
form factor and coupling constant gp,, p+x. We investigate Ds; meson as a con-
ventional c§ state and estimate the value of the strong coupling constant between
this state and virtual meson loops D* K via the three point QCD sum rules method
(3PSR) based on Shifman, Vainshtein and Zakharov works.?® The QCD sum rule
has been successfully applied to calculation of the strong coupling constant in
hadron physics, for example in Ref. 29. The strong coupling constant ¢gp.,p+x
has been calculated with other approaches such as light cone QCD sum rules* and
heavy chiral unitary approach,3® before. In this work, we also compute the strong
form factor and coupling constant 9D D K where K((1430) is a scalar meson.
Finally, we compare our results with the predictions of the other approaches.

This paper is organized as follow. In Sec. 2, we calculate the form factors and
strong coupling constants gp,, p+x and gp,,p~k; within 3PSR method. Finally,
Sec. 3 is devoted to the numeric results and discussions.

2. The Three Point QCD Sum Rules Method

We start our discussions, considering the sufficient correlation functions responsible
for the Ds; D* K (K}j) meson vertices when both D* and K (K) can be off-shell. We
write the three-point correlation function associated with Dy D*K and Dy D*K§
vertex which is given by:

. , e K(KE) ) D" (o Do T
1., (p,p') :zz/d“xd“ye (e ”y)<0\T{JK(K°)(x)JyD (0) (y)}\0>7 (1)
for off-shell D* meson, and:
* . ool L* . * ) 1—
0,5 (p,p') = 2 / d dty @ e (0T { 5P (@)% K (0)2+ @) Moy, (2)

for off-shell K(Kg) meson. Here j5 = 5vs5d, j50 = 5d, jP° = dv,c and jf“ =
57u7Ysc are interpolating currents of K, K, D*, D4 mesons, respectively and have
the same quantum numbers of the associative mesons. Also T is time ordering
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Fig. 1. Perturbative diagrams (a) for off-shell D* and (b) off-shell K (K{).

product, p and p’ are the four momentum of the initial and final mesons, respectively
(see Fig. 1).

Equations (1) and (2) can be calculated in two different ways: in physical or
phenomenological part, the representation is in terms of hadronic degrees of freedom
which is responsible for the introduction of the form factors, decay constants and
masses. In QCD or theoretical representation, we evaluate the correlation function
in quark—gluon language and in terms of QCD degrees of freedom like quark conden-
sate, gluon condensate, etc by the help of the Wilson operator product expansion
(OPE).

In order to calculate the phenomenological part of the correlation function in
Eq. (1), three complete sets of intermediate states with the same quantum number
as the currents JX, JP" and JP= are selected. Similarly, three complete sets of
JEG | JP" and JP+ are inserted in Eq. (2). After some calculations and using the
following matrix elements:

!

(D*(p', € )K(q)|Ds1(p, €)) = —im},_ gp,, 0k (¢°)e - €,

(K§(0')D*(q,€')|Ds1(ps €)) = igp., p~k: (a*)e*P 7 e (p)el, (0)pays ;

O K1) = S "
0% |K (")) = m; fry

<0|];?51 (p’ 6)> = elstleﬂ(p)7

(017.771D*(0',€')) = mp- fp-€,(p'),

where ¢ = p — ', gp,,p-k (¢*) and gp,, p-k: (¢*) are the strong form factors, m;
and f;, i« = K, K§, Dg1 and D* are the masses and decay constants of mesons, €
and €' are the polarization vector of the Dg; and D* mesons, respectively.

The general expression for the D4 D*K vertex has five independent Lorentz
structures. In principle, we can work with any structure. But we must choose those
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which have less ambiguities in the QCD sum rules approach, which means, less
influence of the condensates of higher dimension, and a better stability as a function
of the Borel mass.

For the Dy D*K vertex, we use the structure p,p!,, which presented a better
behavior. When K (D*) is off-shell meson, the phenomenological part is
mp i fp., foe fic (M +md. o~ )

K(D*) . K(D*)
v

1T —lgple*K((f)(

puvl,+ -

(4)

q2*”@«D*))(p27”%51)(plzfm%)*(K)ymﬁmd)mD*

In the Dy D* K vertex, we have only one structure e“ﬁl‘l’pap’ﬁ. For off-shell K§j(D*)
meson, the phenomenological part is

mpsimy;mp*fDg, fD* [k

I
2 _ 2 2 _ 2 12 2
a mKa<D*>) (p mD) (p mD*<K3>)

K (D*) . K35(D*)
m = 1

2
90}, piz (47) ( P paply + -

()

In the Egs. (4) and (5),... represents the contributions of the higher states and
continuum.

With the help of the OPE in Euclidean region, where p?, p'? — —o0, we cal-
culate the QCD side of the correlation function containing perturbative and non-
perturbative parts. For this aim, the correlation functions for the Dy D* K and the
Dy D* K vertices are written as follows, respectively:

H,f(,fD*)(p2,p’2,q2) _ (H(per)K(D*)(pz’pzz,qz)
+ I(non-per) K(D™) (2 12, P)pupl, + -
Hﬁﬁ*(D*)(pz,p’z,qz) _ (H(per)Ké(D*)(pzmxz’ @)
+ TI(nonpen) K5 (D7) (52 /2 g2 ))eBmvpoply + - .
Now, we calculate the perturbative part as shown in Fig. 1. Using the double

dispersion relation for each coefficient of the Lorentz structures p,,p!, and eo‘ﬁ‘“’pap’ﬁ
appearing in correlation functions (Eq. (6)), we get

1 pM (s, s’ q2)
H(per)M 2 /2 2 _ ——/d /d / 2 ?
WP = g | ] G )

+ subtraction terms, (7)
where pM(s,s’,¢?) is spectral density and M stands for D*, K or K off-shell
meson. We calculate spectral densities in terms of the usual Feynman integrals by

the help of the Cutkosky rules, where the quark propagators are replaced by Dirac
delta functions ﬁ — (=2mi)d(p? — m?).
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e For the p,p!, structure related to the Dy D* K vertex; when D* meson is off-shell:
pP (s, 8, ¢%) = 4iNIo[A(2ms — 2mg)
+ Bi(ms — me) + Ba(ms — mg) + my), (8)
when K meson is off-shell:
p%(s,5',¢%) = 4iN.IH[A(2mg — 2m,)
+ Bi(me —msg) + Ba(me + ma) +me] . 9)

e For the eo‘ﬁ‘“’pap;; structure associated to D1 D* K vertex; when D* meson is
off-shell:

pP (5,5, ¢%) = 4N Io[B1(ms + me) + Ba(ms +mg) — my) (10)

when K meson is off-shell:

R0 (s,5',4%) = 4iNeIo[=Bi(m +me) + Ba(—me +mg) —me], (1)
where
1
A = o [dssum + 455 BN — B
— 3ul?s’ — udm3 + 2uAN]
. (12)
Bl = ——[2s¢A— A/
! )\(8,8’,612)[ ’ o
1
By,=—" [2sA’— A
2= X A T A
and
1
IO(SaS/7q2) =

AN3 (5,8 q2)
A= (s+m3—m?),
A = (o i — )
u=s+s —qg?,
s, 8',¢%) = 8%+ 82+ ¢* — 2s¢® — 25'q® — 255,

for off-shell D*(K[K{]) case, m1, mo and mg stand for the masses of the ¢(s), d
and s(c) quarks, respectively. N, represents the color factor.

We proceed to calculate the nonperturbative contributions in the QCD side that
contain the quark—quark and quark—gluon condensate. The quark—quark condensate
is considered for light quarks u, d and s. The corresponding diagrams of quark—
quark and quark—gluon condensate for off-shell D* are given in Fig. 2. Contributions
of the diagrams (d), (e) and (f) in Fig. 2 are zero after applying the double Borel
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Fig. 2. (a) and (d) are the contributions of the quark—quark condensate and (b), (c), (e) and (f)
are the contributions of the quark—gluon condensate for the D* off-shell.

transformation with respect to the both variables p? and p’2, because only one
variable appears in calculations. For example, for the diagram (d), we obtain

. - 1 m
(non-per)D — _ = (d) _d
g <dd>{ 1T [ED )] + T

0 0 1 m2
2 (d) — (.2 _ %0
x Tr Kapa + 8]<;<X>F”“ (p, k)*ya] + 3 (md 5 )

<t (g + e+ ) PR o 0

where k is the four momentum of the s quark, m2 = 0.8 + 0.2 GeV? (Refs. 31 and
32) and FIEZ) (p, k) is

Fu(z) (pa k) - PYViSc(p + k)fYHfYSiSs(k')ifYS ) (15)
and for quark propagator with flavor f is

1

iSf(p) = zﬁ —my .

(16)

As it is seen, there is no variable p’ in the FV(Z) (p, k) function. So the contribution
of the diagram (d) is zero after the Borel transformation carried out over p? and p’2.

1250022-6



The Strong Coupling Constants gp_, pk and 9D D* Ky N QCD Sum Rules

Condensate contributions of the diagrams (a), (b) and (c) are given by:

16

0 0 1 m2
(@) - 2 _ %0
XTKap Ty >< rn F?@(m 2)

0?2 0?2 0?2 )
x Tr — + + - F(a) , ]
Kapaap @ (0p~)*  (Op'*)? ®.)

+gl—§(aig>[Tr (FV(Z)Q( p) + Fh(p p))}}7 (17)

where (ss) = —0.8 x (0.24 £ 0.1)3,33 and

non-per)D* __ ms
e — (e T [Fig )] -

Fi (p,0) = i75iSa(p' ) wiSe (p) Vs
Fl/(u)a (p7 ) Z'Y5ZSd( /)'YuiSc(p - u/)'YBiSc(p)'Y;/YSUa,B s (18)

Fin(p,p) = iv5iSa(p' )vpiSa(p’ — @) 1iSe(p)Vu50as »

where v/ is the four momentum of the gluon in this diagrams. For the K off-shell,
there is no quark—quark and quark—gluon condensate condensate contribution. Our
calculations show for two cases D* and K off-shell, the gluon—gluon condensate
contributions are very small in comparison with the quark—quark and quark—gluon
condensate contributions and we can ignore their contributions in our calculations.

In the same way, the quark—quark and quark—gluon condensate contributions
are calculated for Dy D*K( vertex.

Considering Eq. (6) for extracting the IT(Mn-Per)M (52 42 42y and after per-
forming the Borel transformation* with respect to the variables p?(B,2 (M?)) and
p’z(Bf),(M%)) on the physical (phenomenological) and QCD parts and equating
these two representations of the correlations, we obtain the equation for the strong
form factors as follows.

e For the gp., p-x (Q?) form factors; when D* meson is off-shell:

2
D* 2 "y T L[
— M. M. /
gDle*K(Q ) 7016 1 e 2 —1 ds

2
Ar mq+ms)?

S0 __s s’
x/ dspP (s,s',q*)e Yie M3
S1
+ BB (P G2 % ) | (19)
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when K meson is off-shell:
2

X ) Dgl "LD; 1 50
9p.,p-k(Q7) = Cze Mi e ™2 {4_2/ ds’
T J(met+my)?
S0 _ s _ s’
X / ds p¥(s,s',¢%)e Mie M3 }, (20)
S2
where Q% = —¢?, sg and s; are the continuum thresholds, s; and s are the lower

limits of the integrals over s as:
(mi(c) +q*—mly — S/) (mi<s>8’ - qzmi(c))

S1(2) = (mg(s) B qg) (mz(c) _ s/) )

(21)

and

. _ mp- (q2 - m%*(x)) (ms +ma) (22)
=1 .
MO T mpsim o o [ (mp + M (i) — 1)

e For the gp,, p-x; (Q*) form factors; when D* meson is off-shell:

m2 m?2_, /
D~ 2 vu K20 1 %0 /
— M M.
gDle*Kg(Q )—036 1 e 2 - 2 dS
47 (mg+ms)?2
S0 s _ s
* 2 2
X / dSpD (s,s’,qz)e Mie Mz
s1

+ Bya (M3) B2 (M3)11nonpenD” (2 52 qz)} o (23)

when K;; meson is off-shell:

2
N ™Dy ™MD 1 So
K 2 2 2 /
gDle*Kg(Q )2046 M7 e M3 {——471_2/( )st
me+ma
50 N _ s _ s
></ ds p%o(s,s',¢*)e Mie Mg}, (24)
s2

where

2 2
(q *meKs))
mp,,mp=ms fp., fp-fr;:

Caay = —1 (25)

3. Numerical Analysis

In this section, we analyze the strong form factors, and coupling constants for the
Dg1 D*K and D D*K{ vertices. We choose the values of quark and meson masses
as: mg = 5.6 £ 1.6 MeV, mgs = 0.14 + 0.01 GeV, m. = 1.3 GeV, mg = 0.493 GeV,
mg; = 1.425 + 0.05 GeV, mp~ = 2.010 GeV, mp_, = 2.459 GeV.35 Also the
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Table 1. The leptonic decay constants in MeV.

fpg fp+ TK Tk

225+20 230£20 159.8 £1.84 445+ 50

leptonic decay constants used in the calculation of the QCD sum rule for Dy D*K
and Dg D* K5 vertices are presented in Table 135738

The expressions for the strong form factors and coupling constants contain
also four auxiliary parameters: Borel mass parameters M7 and Ms and continuum
thresholds sp and sf,. These are mathematical objects, so the physical quantities
i.e. strong form factors and coupling constants should be independent of them. The
parameters of sg and s, are the continuum thresholds. The values of the continuum
thresholds sg = (m; +r1)? and s, = (m, + r2)?, where m; and m, are the masses
of the incoming and outgoing meson, respectively.3* 4 We use 7 = 0.5 GeV and
ro = 0.6 GeV in the case of D* off-shell and r1 = ro = 0.5 GeV and for K(K{)
off-shell in Q? = 1 GeV?2. For D, D*K vertex, we found a good stability of the
sum rule in the interval 15 GeV? < M; < 21 GeV? and 7 GeV? < M, < 15 GeV?
for two cases D* and K off-shell. Also for Dg D* K} vertex, M7 and M3 are in
the interval 14 GeV? < M; <20 GeV? and 11 GeV? < M5 < 16 GeV? for two
cases D* and K off-shell. The dependence of the strong form factors ¢gp,, p-x and
9D D*K; on Borel mass parameters for off-shell D* and K mesons are shown in
Figs. 3 and 4, respectively.

For calculation of the strong form factors gp,,p-x(Q?) and gp,,p-k;(Q?)
within 3PSR, we have chosen the Borel masses parameters to be M =
17 GeV?, M3 =8 GeV? and M} = 17 GeV?, M3 = 12 GeV?, respectively.

In Egs. (19), (20) and Egs. (23), (24), we calculated the Q? dependence of the
strong coupling form factors in the region where the sum rule is valid. So to extend
our results to the full physical region, we look for parametrization of the form factors

2r — D*off-shell ]| 2 —— D*off-shell
- - - K off-shell - - - K off-shell
—~ -
15 315
38 (0]
\ 3
o
<] <]
x1 B e _.
| TTTTT T T T T T T T TS T T T a”
5'73 o
05t 05
0 0

L L L L L L L L L L L L L L L
15 16 17 18 19 20 21 7 8 9 10 12 13 14 15

11
M%(GeV?) M2(GeV?)
Fig. 3. The gDle*K(Q2 = 1 GeV?) as a function of the Borel mass Mf with M22 =8 GeV?
(left) and as a function of the Borel mass M2 with M7 = 17 GeV? (right) for two cases D* and
K off-shell meson.
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3.8 —_ D* off-shell 3.8 ——D* off-shell
361 - ==K off-shell 3.6t - - - K; off-shell
. 34f 3.4t
C =
B
3 32 z 32f
el [0}
o 3r ~ 3 -
4 o
w28 ____ € st
o, | T TTTTTTTTT T T R e
“ L o
o 26 o3 2.6)
241 © 2.4}
22t 20l
14 15 16 17 18 19 20 10 11 12 13 14 15

M2(Gev?) M2(GeV?)

Fig. 4. The gp_, p* kg (Q% =1 GeV?) as a function of the Borel mass M? with M2 = 11 GeV?

(left) and as a function of the Borel mass M3 with M? = 17 GeV? (right) for two cases D* and
K off-shell meson.

Table 2. Parameters appearing in
the fit functions.

Form factor A B
9D, DK 12.70 6.51
98 pek 1.32 56.92
95 percs 4353 1221
9B, D K3 3.24 15.61

in such a way that in the validity region of 3PSR, this parametrization coincides with
the sum rules prediction. For off-shell K and K meson, our numerical calculations
show that the satisfactory parametrization of the form factors with respect to Q2 is:
A
2y _
g(Q ) - Q2 + B 9

and for off-shell D* meson the strong form factors can be fitted by the exponential

(26)

fit function as given:

9(Q%) = Ae= /B (27)

The values of the parameters A and B are given in Table 2. The dependence of
the strong form factors in Q2 are shown in Figs. 5 and 6 for the Dy D*K and
the Dg1 D* K vertices, respectively. These figures contain the strong form factors
obtained via fit functions and 3PSR (see Egs. (19)—(24)). In this figures, the small
circles and boxes correspond to the form factors via 3PSR calculations. As it is
seen, the form factors and their fit functions coincide together, well.

39-41

As in previous works, we define the coupling constant as the value of the

strong coupling form factor at Q% = —m2, in Eqs. (26) and (27), where m,,, is the

mass of the off-shell meson.
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4.5 D* off-shell—— Exponential fit

4t \ K off-shell - - - Monopolar fit

9 o'k @

Q¥%(Gev?)

Fig. 5. The strong form factors gB;D*K(QQ) and ggng*K(QQ) as a function of Q2.

7
\ D* off-shell—— Exponential fit
- \ *
6 \ K0 off-shell — - - Monopolar fit
5 L m

Fig. 6. The strong form factors gg*lD*K* (Q?) and ggolD*K* (Q?) as a function of Q2.
El 0 s 0

Considering the uncertainties results with the continuum threshold, we vary
r1,2 between 0.4 GeV < r; < 0.6 GeV and 0.5 GeV < r3 < 0.7 GeV in the case
of D* off-shell and 0.4 GeV < r15 < 0.6 GeV for K(K;) off-shell, the leptonic
decay constants fp_,, fp+, fx and fx: and uncertainties in the values of the other
input parameters, we obtain the values of the strong coupling constants shown in
Table 3. We can see that the two cases considered here, off shell D* or K meson,
give compatible results for the coupling constant.
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Table 3. The strong coupling constants gp_, p* x and 9Dg D* K in different approaches: 3PSR
(our), light cone sum rules (LCSR),* heavy chiral unitary,3? in GeV~1.

Strong coupling K off-shell D* off-shell Average (our) Ref. 4 Ref. 30
constant
9Dy D* K 2.03 £0.23 1.41+0.18 1.72+0.21 1.67 + 0.57 1.78
9D D K 4.28 £0.38 4.20 +0.42 4.24 +0.42 — —

In summary, we estimate the strong form factors and the coupling constants for
D1 D*K and Dy D*Kj vertices within QCD sum rules. We compare our result for
9gp., D~k Wwith the results of the other approaches such as light cone QCD sum rules
and heavy chiral unitary. Detection of these strong form factors and the coupling
constants and their comparison with the phenomenological models like QCD sum
rules could give useful information about the structure of the Dg;(2460) axial vector
meson.
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