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Is D,(2700) a charmed tetraquark state?”
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Abstract In this article, we assume that the Ds(2700) is a tetraquark state, which consists of a scalar diquark
and a vector antidiquark, and calculate its mass with the QCD sum rules. The numerical result indicates that
the mass of the vector charmed tetraquark state is about My = (3.75£0.18) GeV or My = (3.71£0.15) GeV
from different sum rules, which is about 1 GeV larger than the experimental data. Such tetraquark component

should be very small in the Dg(2700).
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1 Introduction

Recently Belle Collaboration observed a new res-
onance D,(2700) in the decay B+ — D°D,(2700) —
D°DOK*. The resonance has the mass My = 2708 +
9t MeV, the width Iy = 108 #2375 MeV, and
the spin-parity 1-. They interpret the D,(2700)
as a c§ meson, the potential model calculations pre-
dict a radially excited 235, (c8) state with a mass
about (2710—2720) MeV?. The resonance D,(2700)
is consistent with the particle they presented previ-
ously at the 33rd International Conference on High
Energy Physics (ICHEP 06), My =2715+1171; MeV,
I'y = 115+£20735 MeV and spin-parity 1-B. In the
same analysis of the DK mass distribution, Babar
Collaboration observed a broad structure with My, =
2688+ 4+ 3 MeV and [y = 1124+ 7+ 36 MeV,
which may the same resonance observed by Belle
Collaboration!”.

In this article, we assume that the vector charmed
meson D,(2700) is a tetraquark state, which con-
sists of a scalar diquark and a vector antidiquark,
and devote to calculate its mass with the QCD sum
rules™ ©/. The D,(2700) lies above the DK thresh-
old, the decay D,(2700) — D°K* can take place with
the fall-apart mechanism and it is OZI super-allowed,
which can take into account the large width natu-
rally. Furthermore, whether or not there exists such a
tetraquark configuration which can result in the state
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D,(2700) is of great importance itself, because it pro-
vides a new opportunity for a deeper understanding
of low energy QCD. We explore this possibility, later
experimental data can confirm or reject this assump-
tion.

The article is arranged as follows: we derive the
QCD sum rules for the mass of the D4(2700) in Sec-
tion 2; in Section 3, numerical result and discussion;
Section 4 is reserved for conclusion.

2 QCD sum rules for the mass of the
D4(2700)

In the following, we write down the two-point cor-
relation function II,,,(p) in the QCD sum rules,

1,.(p) = ijd‘*:ceip'%ow{Ju<x>JJ<o>}|o>, (1)

I () = kiaChmn {ul (2)Cse;(2)tn, () X

V2
157 C5, (2) + (u—d) }. (2)

We choose the vector current J,(x) which is con-
structed from a scalar diquark and a vector antidi-
quark to interpolate the vector meson D, (2700).
Here we take a digression to discuss how to choose
the interpolating currents for the tetraquark states.
We can take either qq-qq type or q-dq type currents
to interpolate the tetraquark states, they are related
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to each other via Fierz transformation both in the
Dirac spinor and color space!™ ®. In this article, we
take the qq-qq type interpolating current.

The diquarks have five Dirac tensor structures,
scalar Cys, pseudoscalar C, vector Cy,7s, axial vec-
tor Cv, and tensor Co,,. From those diquarks, we
can construct six independent currents to interpolate
the charmed tetraquark states with 1,
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and the general current j#(:zr) can be written as their
linear superposition,

= ZciJz;(xL (4)

where the C; are some coefficients.

The six interpolating currents can be sorted into
three types, the currents J}(x) and J?(x) are of C;-
Cv,7s type, the currents J2(x) and J(z) are of C-
Cn, type, the currents J7(z) and J¢(x) are of Co,, -
Cv,7s type. We expect the three types interpolat-
ing currents result in three types of masses for the
tetraquark states.

The study with the random instanton liquid
model indicates that the diquarks have masses about
mg = 4204+ 30 MeV, m, = my = 940 £ 20 MeV,
mp = 570420 MeV® | we expect the currents J: ()
and JS(z) interpolate the tetraquark states with
masses larger than the ones for the currents J;(x)
and J3(z). Instanton induced force results in strong
attraction in the scalar diquark channels and strong
repulsion in the pseudoscalar diquark channels, if the
instantons manifest themselves, the pseudoscalar di-
quarks will have much larger masses than the corre-
sponding scalar diquarks!*”, the coupled Schwinger-
Dyson equation and Bethe-Salpeter equation also in-
dicate this fact™). Furthermore, the one-gluon ex-

change force leads to significant attraction between
the quarks in the 07 channels!"”. Although the inter-
polating currents are not unique, the currents .J, (z)
and J7(x) are much better and interpolate tetraquark
states with smaller mass, we can choose either one of
them.

In the conventional QCD sum rules!®
two criteria (pole dominance and convergence of the
operator product expansion) for choosing the Borel
parameter M? and threshold parameter s,. For the
tetraquark states, if the perturbative terms have the
main contribution, we can approximate the spectral
density with the perturbative term,

, there are

BI\/IH ~ AJ

0

ste”mrds = AMlOJ tte~'dt, (5)
0

where the A are some numerical coefficients, then we

take the pole dominance condition,

to
J tte~tdt
T = 50%, (6)
J tle—tdt
0
and obtain the relation,
s

The superpositions of different interpolating currents
can only change the contributions from different
terms in the operator product expansion, and im-
prove convergence, they cannot change the leading
behavior of the spectral density p(s) o« s* of the per-
turbative term.

For the nonet light scalar mesons below 1 GeV,
if their dominant Fock components are tetraquark
states, even we choose special superposition of dif-
ferent currents to weaken the contributions from the
vacuum condensates to warrant the main contribu-
tion from the perturbative term, we cannot choose
very small Borel parameter M? to enhance the pole
term. For small enough Borel parameter M?, the per-
turbative corrections of order O(a,(M)), O(a2(M)),

-, may large enough to invalidate the operator prod-
uct expansion.

We can choose the typical energy scale =M =
1 GeV, in that energy scale, /sy = 2.2 GeV. There
are many scalar mesons below 2 GeV!*? | the contri-
butions are already included at the phenomenological
side. The criterion of pole dominance cannot be fully
satisfied for the tetraquark states with light flavor.

Failure of pole dominance don’t mean non-
existence of the tetraquark states, it just means that
the QCD sum rules, as one of the QCD models, may
have shortcomings. We release some criteria and take
more phenomenological analysis, i.e. we choose larger
Borel parameter M? to warrant convergence of the
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operator product expansion and take a phenomeno-
logical cut off to avoid possible comminations from
the high resonances and continuum states!"?.

If we insist on retaining pole dominance besides
convergence of the operator product expansion in the
QCD sum rules for the tetraquark states, the hidden
charmed and bottomed tetraquark states, and open
bottomed tetraquark states may satisfy the criterion
in Eq. (7), as they always have larger Borel parameter
M? and threshold parameter sq.

For examples, in Ref. [14], the authors take the
X(3872) as hidden charmed tetraquark state and
calculate its mass with the QCD sum rules, the
Borel parameter and threshold parameter are taken
as M? = (2.0 —2.8) GeV? and s, = (17— 18) GeV?;
in Ref. [15], the authors take the Z(4430) as hidden
charmed tetraquark state and calculate its mass with
M? = (2.5—3.1) GeV? and s, = (23 —25) GeV?,
furthermore, the authors calculate the corresponding
bottomed one, and choose M? = (8.0 — 8.3) GeV?
(or M? = (8.0—9.9) GeV?) and s, = 125 GeV? (or
so =135 GeV?). In those sum rules, although the win-
dows for the Borel parameters are rather small, the
a,(M) is small enough to warrant convergence of the
operator product expansion, the relation in Eq. (7)
can be well satisfied.

The correlation function I7,,(p) can be decom-
posed as

DPubv PuPv
) = ~0%) { g~ 22 4 12) 2222, )
due to Lorentz covariance. The invariant functions
II, and Il stand for the contributions from the vec-
tor and scalar mesons, respectively. In this article,

PupPv
p2

we choose the tensor structure g, — to study

the mass of the vector meson.

According to the basic assumption of current-
hadron duality in the QCD sum rules!”, we insert
a complete series of intermediate states satisfying
unitarity principle with the same quantum numbers
as the current operator J,(z) into the correlation
function I1,,(p) to obtain the hadronic representa-
tion. After isolating the pole term of the lowest state
D, (2700), we obtain the following result:

fOMG Pubv
11,.(p) = Mz Gpw — ;;2 + (9)
where we have used the following definition,
(0]7,,(0)[Ds(2700)) = fyMye,, (10)

here €, is the polarization vector of the D,(2700) and
fv is the residue of the pole.
In the following, we briefly outline the opera-

tor product expansion for the correlation function
I1,.,(p) in perturbative QCD theory. The calculations
are performed at large space-like momentum region
p? < 0, which corresponds to small distance x ~0 re-
quired by validity of operator product expansion. We
write down the “full” propagators S;;(z)(the U;(x)
and D,;(x) for the u and d quarks are obtained with
a simple replacement of the nonperturbative param-
eters) and C;;(z) of a massive quark in the presence
of the vacuum condensates firstly™!),
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< Qg Gaﬁ Gaﬁ

7t
the correlation function I7,, (p) with Wick theorem,
and obtain the result:

>, then we contract the quark fields in

H;u; (p) = iekijek’i’j’ekmnek’m’n’ Jd4$eip.z X
Tr{”ysfyuCSf,n(—:c)C'%’ysUm/m(—:c)} X

Substituting the full s, ¢ and u quark propagators in
above correlation function and completing the inte-
gral in coordinate space, then integrating over the
variable k, we can obtain the correlation function
IT,(p?) at the level of quark-gluon degrees of freedom:

1 ! 7 3
2\ __ 4
L") = = Gimagme L dt[lc (t_3+t_2) +
3 4
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1) One can consult the last article of Ref. [5] for technical details in deriving the full propagator.
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- J di [_ (@g) + <1 4 _) <§s>} K2log K + the vacuum condensates adding up to dimension-8. In
128m* ), t t calculation, we take the assumption of vacuum satu-
ia.oGa) (1 ration for high dimension vacuum condensates, they
me(qg:0Gq) 1 ; .
BETT dt {1+ 7 Klog K — are always factorized to lower condensates with vac-
0 uum saturation in the QCD sum rules, factorization
1 . M . .

My dt[(3t+1)<§gsaGs> i Works well in large N, .l1rn1't. In this article, we take
3847t ), into account the contributions from the quark con-
12(gg.0Gq)| Klog K+ densates, mixed condensates, and neglect the contri-

butions from the gluon condensate. In calculation, we
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play any significant roles.

Once analytical results are obtained, we can take
the current-hadron duality below the threshold sg
and perform Borel transformation with respect to the
variable P? = —p?, finally obtain the following sum

rules:
M2 0 ImlII(s) s
Jo M3 exp {_W} = J'm2 dsT exp {——

(15)
%o ImII(s) s
2 — - —_——
My = Jm2 ds = sexp{ MQ}/
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where A= —%.
s

3 Numerical result and discussion

The input parameters are taken to be the stan-
dard values (gq) = —(0.24+0.01 GeV)?, (3s) = (0.8 %
0.2)(qq), (a9s0Ga) = my(qq), (sgsoGs) = mg(ss),
m?2 = (0.840.2) GeV?, m, = (0.14+0.01) GeV and
me = (1.4 +0.1) GeV® % ¥ For the multiquark
states, the contribution from terms with the gluon

Qs (13

condensate < > is of minor importance™, and

(q9)(59:0Gs) + (55)(79.0Gq) J !
242

dtt, (17)

A

Qs

the contribution from the is neglected here.

From Table 1, we can see that the dominating con-
tribution comes from the perturbative term, (a piece
of) standard criterion of the QCD sum rules can be
satisfied. If we change the Borel parameter in the
interval M? = (5—7) GeV?, the contributions from
different terms change slightly.

Although the contributions from the terms con-
cerning the quark condensates and mixed conden-
sates are rather large, however, they are canceled out
with each other, the net contributions are of minor
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importance. Which is in contrast to the sum rules
with other interpolating currents constructed from
the multiquark configurations, where the contribution
comes from the perturbative term is very small'™
the main contributions come from the terms with
the quark condensates (gg) and (5s), sometimes the
mixed condensates (Gg.0Gq) and (5g.0Gs) also play
important roles, for example, the first three articles
of the Ref. [13]. One can choose special superposition
of different currents to weaken the contributions from
the vacuum condensates to warrant the main contri-
bution from the perturbative term, it is somewhat of
fine-tuning.

Table 1. The contributions from different terms
in Eq. (15) for so = 16 GeV? and M? =
6 GeV?2.

perturbative term +96%
(qq), (3s) +33%
(§9s0Gq), (3gs0G's) —10%
(29)?, (qq)(5s) —24%
(q9)(5gs0G's), (agsoGq)(ss) +4%

The values of the vacuum condensates have been
updated with the experimental data for T decays, the
QCD sum rules for the baryon masses and the anal-
ysis of the charmonium spectrum™®. As the main
contribution comes from the perturbative term, un-
certainties of the vacuum condensates can only result
in very small uncertainty for numerical value of the
mass My, the standard values and updated values
of the vacuum condensates can only lead to results
of minor difference, we choose the standard values of
the vacuum condensates in the calculation.

In Fig. 1, we plot the value of the My, with vari-
ations of the threshold parameter s, and Borel pa-
rameter M?. If \ /s, < 3.55 GeV, My > s,, we cannot
take into account all contributions from the D,(2700),
furthermore, the My changes quickly with the vari-
ation of the Borel parameter M2, the threshold pa-
rameter s, should be chosen to be /5o > 3.6 GeV.
The value of the My is almost independent on the
Borel parameter M? at about /s, = 4.0 GeV. In
this article, the threshold parameter s, is chosen to
be so = (16 £2) GeV?. It is large enough for the
Breit-Wigner mass My = 2708 971, MeV, width
I'y = 10842313% MeV. However, the standard crite-
rion of pole dominance cannot be satisfied, the con-
tribution from the pole term is less than 13%. If
one insists that the multiquark states should sat-
isfy the same criteria as the conventional mesons
and baryons, the QCD sum rules for the (light and
charmed) tetraquark states should be discarded. For
detailed discussions about how to select the Borel pa-
rameters and threshold parameters for the multiquark
states, one can consult Ref. [13].
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Fig. 1. My with Borel parameter M? and
threshold parameter so.
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Fig. 2. My with Borel parameter M? from Eq. (16).

Taking into account all the uncertainties, we ob-
tain the value of the mass of the D,(2700), which is
shown in Fig. 2,

My = (3.75+0.18) GeV. (18)

It is obvious that our numerical value is larger
than the experimental data My = 2.708 GeV, the
vector current can interpolate a charmed tetraquark
state with the mass about My = 3.75 GeV or even
larger, such tetraquark component should be small in
the D,(2700).

If one wants to retain the pole dominance of the
conventional QCD sum rules, we take the replacement
for the weight functions in Egs. (15,16),

of-g) = eo{- )}
M2 M2\? (19)
) )}

and obtain new QCD sum rules for the mass of the
vector tetraquark state.

faMseXp{— (45) }_

[[am (). e
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Fig. 3. My with Borel parameter M? from Eq.( 21).

As the main contributions come from the per-
turbative term, the hadronic spectral density above
and below the threshold can be successfully approx-
imated by the perturbative term. If we take typi-
cal values for the parameters /s, = 4.0 GeV and
M? = (7—9) GeV?, the contribution from pole term
in Eq. (20) is dominating, about 53%—84%. Taking
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