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Y(4260) as a four-quark state
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We treat the Y (4260) resonance as a four-quark state in the framework of the covariant confining quark
model. We study two choices of the interpolating current, either the molecular-type current which
effectively corresponds to the product of D and D, quark currents or tetraquark one. In both cases, we
calculate the widths of decays Y (4260) — Z.(3900) + z and ¥ (4260) — D) + D), It is found that in
both approaches the mode Y — Z§ + 7~ is enhanced compared with the open-charm modes. However, the
absolute value of the Y — Z + z~ decay width obtained in molecular picture is arguably too large. On the
other hand, the value obtained in tetraquark picture is reasonable.
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I. INTRODUCTION

In 2005, BABAR Collaboration observed a broad reso-
nance around 4.26 GeV in analyzing the mass spectrum
of #tx~J/y in initial-state-radiation (ISR) production
ete™ - ygrat 7~ J/y [1]. Since this resonance was found
in the eTe™ annihilation through ISR, its spin-parity is
JP€ = 17=. However, its mass does not fit any mass of
charmonium states in the same mass region, such as the
w(4040), w(4160), and y(4415). Moreover, Y (4260) has
strong coupling to the z*z~J /y final state, but no evidence
was found for coupling to any open-charm decay modes as
DWD® DH P where D& = D or D* [2-6]. These
properties perhaps indicate that the Y (4260) state is not a
conventional state of charmonium [7].

In addition to Y(4260), the BESII Collaboration
reported on the observation of another exotic state named
as Z.(3900) in the reaction ete” — ztz J/w [8]. It
carries an electric charge and couples to charmonium. A
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fit to the z*J /y invariant mass spectrum results in a mass
of M; = 3899.0 + 3.6(stat) + 4.9(syst) MeV and a width
of I'; =46 4 10(stat) & 20(syst) MeV. This state was
confirmed by Belle [9] and CLEO [10] Collaborations.
Then the BESIII Collaboration observed a distinct charged
structure in the (DD*)T invariant mass distribution of the
process ete™ — xt(DD*)¥ [11]. Assuming this structure
and the Z,.(3900) — =J /y signal are from the same source,
the ratio of partial widths is I'(Z, - DD*)/T'(Z, -
#J/w) = 6.2 £2.7. That means that the Z.(3900) state
has a much stronger coupling to DD* than to zJ/y [12].

Now we go back to Y(4260) and shortly review some
theoretical efforts to understand the underlying structure of
this state. We refer to Refs. [7,13-20] for more complete
review of this subject. Probably, one of the first attempts to
analyze the possible interpretations of ¥ (4260) was under-
taken in Ref. [21]. The conclusion has been done that only
the hybrid charmonium picture is not in conflict with
available experimental data from BABAR measurement.
The interpretation of ¥ (4260) as a charmonium hybrid has
been also explored in Refs. [22,23].

The three-body J/war and J/wKK systems have been
treated as coupled channels in Ref. [24]. It was found by
solving the Faddeev equations that the resonance Y (4260)
can be generated due to the interaction between these three
mesons. Y (4260) has been identified as the low member of
the pair w(4S) —w(3D) charmonium by using a simple
quark model [25].
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In the paper [26], it was suggested that Y(4260) is a
Ze1 —p° molecule. In that picture, one can show that
the width of decay Y(4260) — ntz~J/y is larger than
Y(4260) — DD which has not been observed.

It was proposed in Ref. [27] to interpret Y (4260) as
the first orbital excitation of a diquark-antidiquark state
([es][¢5]). In this case, Y(4260) should decay predomi-
nantly to D,D;.

Masses of heavy tetraquarks have been calculated in the
relativistic quark model [28]. It was found the P-wave state
of the tetraquark combination (([cq]s_o[C g|s_o) has a mass
of 4244 MeV which is close to the ¥(4260) mass. At the
same time, the mass of charm-strange diquark-antidiquark
was found to be more than 200 MeV heavier than the
Y(4260) mass. It was concluded that a more natural
tetraquark interpretation of Y(4260) is charm-nonstrange
diquark-antidiquark state. Then the dominant decay mode
of Y(4260) would be in DD pairs.

However, as mentioned above, no evidence was found
for the decays Y(4260) — D*D(), DYDY [2-6]. In
Ref. [29], it was assumed that Y(4260) is DD, molecular
state where D = D(1870) is the pseudoscalar meson with
the quantum numbers /(J”) = 3 (07), and D; = D;(2420)
is the narrow axial meson /(J¥) =1 (17), T =27+3MeV.
With this ansatz, the observation of Z.(3900) in the
atn~J/y invariant mass distribution has an obvious
explanation as well the absence of Y(4260) in the decays
with open charm.

However, in Ref. [30], it was argued that the production
of an S-wave DD, pair in #7¢#~ annihilation is forbidden
by the heavy quark spin symmetry. This argument is cer-
tainly not in the favor of considering Y (4260) as S-wave
DD, state. Despite this, there are many studies of ¥ (4260)
as DD molecular state. We briefly mention some of them.
By assuming that Y(4260) is a DD molecular state, some
hidden-charm and charmed pair decay channels of ¥ (4260)
via intermediate DD; meson loops within an effective
Lagrangian approach have been investigated in Ref. [31].
By treating Y (4260) as a DD, weakly bound state and also
Z.(3900) as a DD* molecule [32], the two-body decay
Y (4260) — Z.(3900) + 7 has been studied. Moreover, the
decay mode Y (4260) — J/y + n"n~ was also computed.
Further ideas related to ¥ (4260) and Z.(3900) states can be
found in [33-35].

The approach we propose is based on the covariant
confining quark model (CCQM) [36-38] which represents
an effective quantum field treatment of hadronic effects.
The model is derived from Lorentz-invariant nonlocal
Lagrangian in which a hadron is coupled to its constituent
quarks. Hadrons are characterized by size parameters Ay
from which the strength of the quark-hadron coupling can
derived. It is done by using the so-called compositeness
condition [39,40]; this condition requires the wave function
renormalization constant of the hadron to be zero Zy = 0.
Besides reducing the number of free parameters (i.e.,

couplings), it also guarantees a correct description of
bound states as dressed (with no overlap with bare states)
and solves the double counting problem. The vertices are
described by a Gaussian-type vertex functions which are
supposed to effectively include contributions from gluons
(which are not present). Thanks to the built-in confinement,
based on a cutoff in the integration space of Schwinger
parameters (stemming from representation of quark propa-
rators), the model can be used for description of arbitrary
heavy hadrons. The model should be understood as a
practical tool for computing hadronic form factors from
assumed quark currents, which is, in this text, applied to
Y (4260) and Z.(3900) states.

In our earlier papers devoted to description of the
multiquark states, Refs. [41,42], first, we explored the
consequences of treating the X(3872) meson as a tetra-
quark, i.e., diquark-antidiquark bound state. We calculated
the decay widths of the observed channels and concluded
that for reasonable values of the size parameter of X (3872)
one finds consistency with the available experimental
data. Then we critically checked in Ref. [43] the tetraquark
picture for the Z.(3900) state by analyzing its strong
decays. We found that Z.(3900) has a much stronger
coupling to DD* than to J/wx which is in discord with the
experiment. As an alternative, we employed a molecular-
type four-quark current to describe the decays of the
Z.(3900) state. We found that a molecular-type current
gives the values of the above decays in accordance with the
experimental observation. By using the molecular-type
four-quark currents for the recently observed resonances
Z,(10610) and Z,(10650), we calculated in Ref. [44] their
two-body decay rates into a bottomonium state plus a light
meson as well as into B-meson pairs. A brief sketch of our
findings may be found in Ref. [45].

In the present paper, we treat the Y (4260) resonance as a
four-quark state. We study two choices of the interpolating
currents either the molecular-type current which effectively
corresponds to the product of D and D, quark currents
or tetraquark one. In both cases, we calculate the widths
of decays Y(4260) —» Z.(3900) + = and Y(4260) —
DY) + D),

The paper is organized as follows: two subsequent
sections II and III are dedicated to the general formalism
for describing Y (4260) as a four-quark molecular state and
tertaquark state, respectively; full expressions of studied
quark currents and related amplitudes are provided. In the
next, last section, the decay width formulas are written
down and used to reach our numerical results which are
presented together with our conclusion.

II. Y(4260) AS A FOUR-QUARK STATE WITH
MOLECULAR-TYPE CURRENT

We start with an assumption that both the ¥ (4260) and
Z[(3900) resonances are four-quark states with the
molecular-type currents given in Table I.
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TABLE I. Quantum numbers and molecular-type currents.
Title 16(JPC) Interpolating current Mass (MeV) Width (MeV)
Y(4260) 0-(17) L {(@r5e) @r'rsq) - (rs < 1'75)} 4230 +8 55419
Z£(3900) 1H(177) L5 {(dyse)@r'u) + (rs < 1)} 3887.24+2.3 282426
Their nonlocal generalizations are given by
4
Ymo] /dxl /dx45< Zwixi>©y (Z(xi _xj>2>‘]/;/mul;4q(x]a ...,X4),
i=1 i<j
| _
Ty, g 75{(4@3)750(951)) (C(x)r'rsq(x4)) = (vs < r'rs)} (g =u,d). (1)
4
zm°‘ /dxl /a’x45<x — Zwlx )CDZ (Z(x —x; )2> ]’ém, 4q(xl, e X4),
i=1 i<j
i - _
T mot.a, 75{(‘1(753)750()(1» -(Cln)r'ulxy)) + (rs < 1)} (2)
The reduced quark masses are specified as
m, my
Wi=Wy=s——=,  Wy=wy=———t—, 3
! 27 2m, + my) } Y 2(m, + m,) (3)

where we assume no isospin violation in the u — d sector, i.e., m, = m,. The Fourier-transform of the vertex function ®

may be written as

@ <Z(x,~ - xj)Z)

i<j

/dql

Because of convenience for performing calculations, the
exponential form for the Fourier transform of the function
® was adopted,

o) = exp( 7). 5)

where K2 is the combination of the loop and external
momenta. The minus sign indicates that we are working
in the Minkowski space, and the Wicked-rotated argument
K? - —K2 makes explicit the appropriate fall-off behavior
in the Euclidean region. A is an adjustable parameter of the
CCQM which can be related to hadron size.

We consider two kinds of the strong Y decays: ¥ —
D + D where we imply the open-charm combinations
as DD, DD*, D*D, D*D*, and Y — Z, + n. The
Feynman diagrams describing these decays are shown
in Fig. 1.

The matrix elements of the decays Y, = D, + D,
read as

—igqy (x1=x4) =gy (xy=x4) =ig3( Xz—xzt <

Y a q,) (4)

l<]

_ 9
M(Y,(p,€y) = DY(py) + D3(p2)) = TQYQDIQDZ

2

d*k d*k, - ~ -
5ot | T =9I Bn, (<D0, ()

x {trlysSe (ki )T2S, (k3)] - te[y*ysS, (ko )T S (ky)]
—(rs < 1'7s)}. (6)

Here,I'y ® ', = ys5 ® y5 for DD pair, €}, ' ® y5 for D*D
pair, and €} ¥ @ €;,y*> for D*D* pair. The momenta are
defined as

(@ (b)

FIG. 1. Two modes of the Y(4260) decay.
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qu,, G =-ki—wp,  @=ki-wip, gz=k—wip,

l<]

£1 =ky+whpy, Cy = —k; —wPp,, ky = ki + pa, ky = ky + py. (7)

The calculation of the matrix element of the decay ¥ — Z. + # is more involved because it is described by three-loop
diagram as shown in Fig 1(b). One has

zgygz g,rH [/ (Z:; l]éy(—%)d’zf(—gf)&’n(—fz)

=1

M(Y,(p.e") = Z{(p1.e) +77) =
S (py Ztrr Se(k)TaS,(ky)] - T3S, (k3)TaS(ka)TsSe(ks)].  (8)

Here

YN @D ®Ty &Ts| =[rs @ ys]- [r'rs @ vs @ 1]

r

s @] lrs ®rs ®vs| = [r'rs ® vs] - [rs ® rs ® ). 9)

The momenta are defined as
Zq 4 @ =—ki—wip, @ =ks—wip, g3 =k —wip,

Q; 22 irjs r =—k5+W%P1, r2:k1+w§p1, r3 :k4—W§P1,

¢ =ks+wypa, ky = ks + pa, ks = ki —ky + ks + p. (10)

IIL. Y(4260) AS A FOUR-QUARK STATE WITH TETRAQUARK CURRENT

Now we treat Y (4260) as a four-quark state with the tetraquark current,

1 i} i} i} i
T = €anceiec{(0aCr50) (Qar"15CE) = (uCr'75es) GarsCee). (11)
where the charge conjugate matrix is chosen in the form C = y%y? so that CT = —C, C" = C, and C? = C. Its nonlocal

generalization is given by

T (x /dxl /dx45<x—2w x)q>y <Z(x —x; )2>J’;m;4q(x1,...,x4),

i<j

S, g \}E€abc€dec{(¢1u(x4)c}/56b<x1))(éd(x3)7ﬂy5cae(x2>) —(rs < 1"rs5)} (12)

The matrix elements of the decays Y, — D, + D, read as

M(YS(p, é) = DY(py) + DY(py)) = %gynggDz / % / %@(—Qﬁ)é,),(—f%)é,)z(—f%)
X {tf[Vssc(kl)Fé)su(k3)7”7’55c(k2)rl1)5u(k4)] —(ys < Y”Vs)}- (13)

The momenta are defined as
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Zq,q,, G =—ki—wip,  @=-k-wip. g=k—wip,
l<]

t1 =—ky—wPpy, Cy = —ki —w2p,, ky = ki + pa, ky = ky + py.

The matrix element of the decay Y — Z, + =z is written down,

3 4
MYS(p.e) = Z2 (pr. ) + 7-(p2)) = 3997, gﬁH[ / %}@ (-2, (-2, (~2?)

5(pi Ztr [T S (ki )T5S, (ko)UY S, (k3 )T S 4(ky )5S (ks)],
where I' = C™'T"C and Y 1 = [rs ® 175 — ¥*7s ® vs)” ® [rs ® v* —7” ® ys]*. The momenta are defined as
Zq 4 @ =—k-wip,  @=-ks—wip, g3 =k —-wip,

Q; 22 iljs ry =k3+W%P1, ry = ki +W§P1, r3 :—k4+W§P17

f:—k4—WZp2, k4:k1—k2+k3+p1, k5:k1—k2+k3+p.

IV. NUMERICAL RESULTS AND CONCLUSION

We remind the formulas for the two-body decay widths expressed via Lorentz form factors,

M(V(p) = P(p1) + P(p2)) = €yq,Gypp, G = p1— P2

|P1|
67m?>

M(V(p) - A(pl) + P(pZ)) = e/‘l/ejgb(gyuA + pl;tpuB)’

2
r(v —ap) = -2 {<3+|p‘| >A2 = Ipil*B + e mi = my +”:1 " 1\2AB}
mj 1

(V= PP) = — Gipp,

247m? m}
M(V(p) = V(p1) + P(p2) = )€y €uurasP Py Gy
|P1|
v -ve)="le,

M(V(p) = V(p1) + V(p2)) = €vey € {P1uP10, P2, A + G, P10, B + 90, P2, C + 90,0, 1D}

NV -VvV,= Y-

L {m2|p1|4A2 T (Ipaf? = 3m3B2 + [paf? + 3m3C?
2 2
[|p1|2 #3705 D2 Pl i = 3 A
+ [p1]*[=m? + m} — m3]AC + |py|*[m* — m} — m3]AD

2
m
+ 2Ipaf* = m? + mi + m3]BC + [lell2 +mi + 5 (m3 —mi)| BD

m2
+ [—2|p1|2 —m3+ m—% (m3 - m%)} CD}.
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Molecular-type: decay widths in MeV
2850 ————FT"—F—TF—T—TF—— T T

225 — TY>Z+m)|
-+ I(Y->D+D)

200 |~

175

150~

125

100 |~

75

50

251

-~
-
-~
—_——
e ——

FIG. 2. Two modes of the ¥(4260) decay in molecular picture.
The central value of the total decay width from experiment with
error band is depicted as shadowed strip.

Before showing the numerical results, one has to make
some remarks concerning the difference between the
molecular and tetraquark interpretations. The first obvious
difference is the shape of the interpolating current as we
have discussed above in great details. The second point
is the choice of the vertex function ®, which should
be in principal related the relevant Bethe-Salpeter ampli-
tude. For simplicity of the calculations, we use the

Tetraquark-type: decay widths in MeV
80
T T T T T T T T T

70 -

60 - 1

50 —

40 o

30 —

| — I(Y>Z+m)
20k -= T(Y->D+D)| -
10} -
b=l e e
26 28 3 32 34 36 338 4
A, (GeV)
FIG. 3. Two modes of the Y(4260) decay in tetraquark picture.

The central value of the total decay width from experiment with
error band is depicted as shadowed strip.

TABLE II. Decay widths in MeV.

Mode Molecular-type current — Tetraquark current
Y>Zf+n 146 £ 13 5.77+0.39

Y - D"+ D° 11+2 (0.42 £0.16) x 1073
Y->DO+D% (039+0.14) x 1072 0.32 £0.09

Y —» D0 4 D* 0 (0.19 +£0.08) x 1073

Gaussian symmetric form in the configuration space as
Oy (Y j(xi—x )?) with the only adjustable parameter Ay.
Since we have in our hands only the value of the total Y-
decay width 55 + 19 MeV [46], we plot in Figs. 2 and 3 the
calculated decay widths for both configurations as func-
tions of Ay. The allowed interval of Ay € [2.5-4.0] MeV
was found in our previous works by analyzing the known
decays of exotic states.

Note that the widths of the modes ¥ — D** + D° and
Y — D% + D** are equal to each other; therefore, we will
discuss only the first mode. It turned out that in the case of
molecular configuration the mode ¥ — D* + D° is sig-
nificantly suppressed compared with ¥ — Z} + z~ and
Y — D° + D° modes, whereas the amplitude of the mode
Y — D*0 + D*0is identical zero as follows from Eq. (6). In
the case of tetraquark configuration, the dominant modes
are Y - Zf +7~ and Y —» D'+ D°. So we show the
curves in Figs. 2 and 3 for the dominant modes only. One
can see that in both approaches the mode ¥ — Z + 7~ is
enhanced compared with the open-charm modes.
Comparison with the total decay width of the Y (4260)
particle from the experiment [46] disqualifies the molecular
picture. As a result, one can conclude that the CCQM
model calculations favor the tetraquark picture of the
Y (4260) state since it leads to reasonable number of the
decay width into Z 7.

Finally, we have taken the value of Z,. size parameter to
be equal A = 3.3 GeV as was obtained in our paper [43].
We vary the value of Y size parameter in some vicinity of
this average value Ay =3.3+0.1 GeV. The calculated
decay widths are shown in Table II.
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