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Exploring open-charm decay mode A A, of charmonium-like state Y (4630)
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The structures of the X, ¥, Z exotic states which recently are experimentally observed one after another, have
composed a challenge to our understanding of the fundamental principles in the hadron physics and the relevant
study will definitely shed light on the concerned physics. Generally the four-quark states might be in a molecular
state or teraquark or their mixture. In this work, we adopt the suggestion that Y(4630) is a charmonium-like
tetraquark made of a diquark and an anti-diquark. If it is true, its favorable decay mode should be Y(4360)
decaying into an open-charm baryon pair, since such a transition occurs via strong interaction and is super-OZI-
allowed. In this work, we calculate the decay width of Y(4630) — AA_ in the framework of the quark pair
creation (QPC) model. The numerical results suggest that the Y(4630) state is a radially excited state.

PACS numbers: 14.40.Rt, 13.30.Eg, 13.25.Jx, 12.38.Lg

I. INTRODUCTION

In 2007, the Belle collaboration reported that a J*¢ = 17
resonance peak Y(4630) with mass M = 4634”_’?1 MeV and
width I' = 92*3) MeV appeared at the invariant mass spectra
of the e*e™ — AFA channel [1].

Besides an interpretation that the observed Y(4630) as the
538 charmonium state [2, 3], there are many alternative sug-
gestions for the observed peaks, for example, Y(4360) was
considered to be induced by a threshold effect instead of be-
ing a genuine resonance [4], then it was also interpreted as a
molecular state made of (25 ) and f,(980) by another theoret-
ical physics group [5]. Among those proposals, the suggestion
that Y(4630) is a tetraquark state is more favorable [6, 7]. In
Ref. [6], the Y(4630) is identified as the ground state with its
orbital angular momentum L = 1. It is noted that the mass
and width of Y(4630) are consistent within errors with those
for the Y (4660) state (M = 4664 + 12MeV, I" = 48 + 15MeV),
which is found in the invariant mass spectrum of Y(2S)r* 7~
by the Belle collaboration [8]. By understanding the AFA7
and Y(2S)n*n~ spectra, Cotugno et al. suggested that the
Y(4630) and Y(4660) could be the same tetraquark state, and
is the first radial excitation of the Y(4360) with L = 1 [7].

Inspired by the fact that the Y(4630) predominantly de-
cays into charmed baryon pair, one is tempted to conjecture
this resonance as a tetraquark which is made of the diquark-
antidiquark structure [cq][cg], where g is a light quark either
u or d and [cq] resides in a color anti-triplet whereas [¢g] is
in a color triplet, in later calculations we do not distinguish
between u and d. The quark diagram for Y(4630) — A A,
shows that the decay is an OZI super-allowed process. The
corresponding reaction mechanism is that a quark-antiquark
pair is created from the vacuum, then the quark and anti-quark
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would join the diquark and antidiquark respectively to consti-
tute a baryon-anti-baryon pair. Moreover, Ma_+ Mj_is only
slightly below 4630 MeV, so that the suppression induced by
the momentum matching which usually appears at similar pro-
cesses, does not exist here. The decay width can be well cal-
culated by using the quark pair creation (QPC) model.

In this work, we suppose that Y(4360) is a tetraquark com-
posed of the diquark-antidiquark structure suggested by Brod-
sky et al. [9]. In the tetraquark a diquark and an anti-diquark
are bound together via the QCD confinement, but are sepa-
rated by a substantial distance once they are created. This pic-
ture is somehow different from the picture about the tetraquark
first proposed by Maiani ef al. [6, 10], where the authors
studied the tetraquark states in terms of spin structure in a
Hamiltonian formalism [11]. Under this assignment, we study
the strong decay of Y(4630) by computing the decay width of
Y(4630) — A}A; in the QPC model.

The paper is organized as follows: after this introduction,
we calculate the rate of Y(4630) decaying into the A’ pair in
section. Il A and perform a numerical analysis in Sec. I B.
Sec. 11 is devoted to our discussion and conclusion.

II. THE Y(4630) — A.A. STRONG DECAY

In this work, we use the two-body wave function for the
diqaurk-antidiquark bound system Y(4630), since the con-
stituents (diquark and antidiquark) are treated as two point-
like color sources which are in the same configuration of an
ordinary Q0 meson.

The spin wave functions of a Y(J©¢ = 177) state with L = 1
in the basis of [S ¢, S ge, S toral, LYj=1 can be assigned in four
distinct states as [6]

Yy =10,0,0,1),
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Yy = |1,1,2,1);.

In the following, we present all the details of calculating
Y(4630) — A.A. in the QPC model.

A. Implementation in the QPC model

The QPC model [12-18] has been widely applied to cal-
culate the rates of Okubo-Zweig-lizuka (OZI) allowed strong
decays [19-31], which obviously compose the dominant con-
tributions to the total widths of the concerned hadrons.

As indicated in the introduction, we suppose Y(4630) as
a tetraquark in the diquark-antidiquark structure, thus in our
case, the decay of Y(4630) is a fall-apart process where the
diquark and antidiquark bound state is loosened by a quark-
antiquark pair which is created in vacuum. Concretely, the
quark and antiquark of the pair excited out from the vacuum
would join the diquark and antidiquark respectively to com-
pose a AFA_ pair, and the process is graphically shown in
Fig. I.

The quantum number of the created quark pair is 0**
[12, 13]. In the non-relativistic limit, the transition operator
is expressed as

T = —3yZ<1 m;1 —ml0 0) fdk5 dkeo® (ks + ke)

00" Wy’ dL(ks) by (e, (1)

ks — k
><~y1m( 2 6))(56

2 1,-m

where i and j are the SU(3)-color indices of the created quark
and anti-quark. ¢)° = (uit + dd + s55)/ V3 and Wl = &
are for flavor and color singlets, respectively. )(?67"1 is a spin
triplet. Here the indices 5 and 6 distinguish between the quark
and antiquark respectively as shown in Fig. 1. Y,(k) =
K|’ Y;,,(6%, ¢1) denotes the £th solid harmonic polynomial. y
is a dimensionless constant for the strength of quark pair cre-
ation from vacuum and is fixed by fitting data.

Y (4630)

FIG. 1: The QPC mechanism for decay Y(4630) — A} + A_, we
label the quark ¢ and antiquark ¢ with subscripts 2 and 4, as well
understood. ¢ stands for the light quark u/d.

In the dynamical picture of tetraquark, the (anti)diquark
is considered to be a point-like color source, then the two-
body wave function(meson-like) should be a good approxima-
tion to describe the inner structure of Y(4630). Including the

color (w(le)(34))’ spin (X(le)(34)), flavor (t,o(ylz)(34)) and the spatial
(Y, Ly My, (p1, P2)) parts, the wave function is written as

'Y(”YZSYHLY IyMy, )(KY)>
= 2By D (LyMy,SyMs,|JyMy,)

Mpy Mg,
X fdpldpzdkldkzdk3dk4(53 (Ky - P - pz)
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where we use the (super)subscript 1~4 to mark the
(anti)quark in the tetraquark as clearly shown in Fig 1. Ky is
the 3-momentum of Y(4630), p;(,, is the 3-momentum of the
(anti)diquark, k; >34 are the 3-momentum of the (anti)quarks
in Y(4630) and the three delta functions respectively spec-
ify the 3-momentum combinations of the ingredients in the
two separate groups: diquark and antidiquark and the combi-
nation of the 3-momenta of diquark-antidiquark in Y(4630).
Sy =, +8,, +8g, +5g, is the total spin. Jy = Ly + Sy denotes
the total angular momentum of Y (4360).

For the A, baryon, we have

[Actra 58 Ly, IK))
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My, Ms,,
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For A.(A.), the (super)subscripts in the expressions corre-
spond to the three constituent quarks(antiquarks), as shown in
Fig. 1 and K, is the 3-momentum of A.. Sy, = s, +5,, +5,,
is the total spin of the three quarks in A, and Ja, = L, + Sa,
denotes the total angular momentum of A..

The wave functions respect the normalization conditions

YKpIY(K)))
(Ac(Ka)IAK )

2Ey 8 (Ky - K}), “
2Er, 8 (Ka, -KL ). (5)

For Y(4630) — A} + A_ process, the transition hadronic
matrix element is written as

(ATAZIS|Y(4630)) = I—i2n8(Ef — E)(AIA|T|Y(4630)).

In the center of the mass frame of Y (4630), Ky = 0 and Kx+ =



—K,- = K. Then, we have
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The spatial integral Iﬁzy’mML (K) manifests an overlap be-
AFTTTEAD

tween the spacial parts of the initial state (include the created

light quark pair) and the final state, and is explicitly expressed
as
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In this work, following the literature in this field, we em-
ploy the simple harmonic oscillator (SHO) wavefunctions to
stand for the spacial parts of the two-body wave functions
of Y(4630) and the charmed baryons as well. Their explicit
forms are collected in the appendix.

With the transition amplitude given in Eq. (6), the matrix

element can be rewritten in terms of the helicity amplitude
My My, My, _
M A as

(AFAZITIY(4630)) = 63 (Kp: + K — KM ne sz (g)
The decay width of Y(4630) — A} A_ is then
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where |[K|, as aforementioned, is the 3-momentum of the
daughter mesons in the center of mass frame.

B. Numerical results

We take y = 13.4 following Ref. [19] and the S values for
the S-wave charmed baryons can be fixed by fitting the mass

spectra when the potential model is employed [21], thus 3, =
0.6 GeV and 8, = 0.6 GeV.

Since there are still existing some ambiguities about the in-
ner structure of Y(4630), we calculate the decay width in two
possible cases: assuming (1) Y(4630) as the ground state with
radial quantum number n, = 1 and (2) the first radial excita-
tion with n, = 2 assignments.
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FIG. 2: The total decay width of Y(4630) with n, = 1 and Y}, Y3 spin
states assignment. Here black line and the green band correspond to
the central value and error range of 1o for the total width of Y(4630)

measured by the Belle collaboration (I' = 92*}) MeV) [1].
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FIG. 3: Dependence of the predicted partial width of Y(4630) —
A.A. where Y(4630) is supposed to be in 1, = 2 state, the Belle data
are shown in the plot for a comparison. The black line and the green
band correspond to the central value and error for the total width of
Y(4630) measured by the Belle collaboration (I' = 92*3) MeV). The
red, orange-dashed, purple-dotted and blue-dashed-dotted curves
correspond to the four different spin assignments Y, Y,, Y3, Y4, re-

spectively. Here, we use the prime to distinguish Y states discussed
in this figure.

We first compute the decay width of Y(4630) — A}A_ with

n, = 1. In Fig. 2, dependence of the calculated width I'y on Ry



which is within a reasonable range is plotted, where Ry is the
R-value in the Y(4630) SHO wave function. It is noted that the
predicted width for the Y| assignment is far away from the ex-
perimental data " = 922‘; MeV and the curve associated with
the Y3 assignment is slightly closer to the measured width, but
still out the error tolerance. For other two spin states, the dec-
lination of the predicted values from the data is even larger
than that for the Y| assignment, so that in the figure we do not
show them after all. Therefore the data do not favor Y (4630)
to be a ground state with n, = 1.

Then instead, assigning the Y(4630) as the first radial ex-
citation state of Y(4360), we perform the numerical analysis
and show the results in Fig. 3 with all the four spin assign-
ments listed before.

In Fig. 3, the minima of the calculated decay width show
up at Ry ~ 2.7 GeV~! which is due to the node structure of
the radial wave function of Y(4630).

Taking Y; state as an example, the calculated total decay
width is consistent with the experimental data as long as Ry
lies in a range of 2.15 ~ 2.35 GeV~! and/or another range of
3.05 ~ 3.40 GeV~!, in the plot one can find the calculated
value marked by a red curve does coincide with the data and
the error band of 10~ marked by the green color was given by
the Bell collaboration.

For the other three spin assignments, Y», Y3, Yy, the situa-
tion is similar to the Y, case, namely, there exist certain Ry
ranges to fit the data.

Thus, our numerical results indicate that the measured
strong decay width of Y(4630) (even though at present the
accurate measurements are not available yet, the order of
magnitude has been confirmed, i.e., the total width should
be roughly determined) manifests that the assignment of
Y(4630) should be in the P-state of the first radial excitation
of Y(4360). Moreover, one could expect the physical Y(4630)
to be a linear combination of all the four spin states. As dis-
cussed above, we suggest that Y(4630) is a tetraquark made
of diquark-antidiquark, we argue that its main decay channel
should be Y(4630) — A A., thus its partial width should be
of the same order as the total width.

III. CONCLUSION AND DISCUSSION

To evaluate the hadronic matrix elements which are gov-
erned by the non-perturbative QCD, phenomenological mod-
els are needed. For the OZI-allowed strong decays, the QPC
model, flux tube model, QCD sum rules and lattice QCD, etc.
have been successfully used to estimate the decay rates, even
though except the lattice calculation non of them can be di-
rectly derived from quantum field theory. We are assured that
all of those models have certain reasonability and they are in
parallel somehow. In this work, we employed the QPC model
to study the strong decay of Y(4630) — A A..

First we assume that Y(4630) is a tetraquark which is a
bound state of a diquark and an anti-diquark. Because of the
composition, it would favorably decay into A A, pair, there-
fore we have reason to believe that the partial width is of the
same order of magnitude as the total width which has been

measured. There could be different quantum structures for the
bound states, we try to assign it with different radial quantum
numbers and spin assignments and then calculate the decay
width of Y(4630) — AfA; in all possible cases. The numer-
ical results show that one can hardly gain a decay width I'y
that agrees with the experimental data if we assign Y(4630) as
the ground state with n, = 1.

Whereas for the case of n, = 2, within certain ranges of the
parameter Ry, we can obtain the the partial decay width lying
within the error band of the Belle data for all the four spin
configurations. Thus, our analysis provides a strong support
to the postulate that Y(4630) is a radial excited state of the
diquark-antidiquark bound state. This picture is the same as
the conclusion made by the authors of Ref. [7], where Y(4630)
is identified as the radial excitations of the Y (4360).

Besides the dominant Y(4630) — AYA_ decay mode, the
process Y(4630) — (2S)n*n~ is another possible decay
channel of the Y(4630) where a quark-antiquark rearrange-
ment is required, concretely, a light quark ¢ and a heavy anti-
quark ¢ from different clusters are exchanged to form a char-
monium state and light quark pair, then the light pair turns
into two pions by exciting a quark-antiquark pair from the
vacuum, as shown in Fig. 4. In that case, as the quark leaves
the original cluster (either color antitriplet or triplet) it must
overcome a potential barrier, so obviously, this process is sup-
pressed compared to the direct fall apart decay. Observation
of this mode is still missing, so far. In fact, such quark ex-
change mechanism was investigated by some authors for me-
son decays [33-35], but since it is completely induced by the
non-perturbative QCD effect, the estimate is by no means ac-
curate, and at the best can be valid to the order of magnitude.

Interestingly, the experimental data on the Y(4630) —
AfA; and Y(4660) — ¥(2S)n*n~ has been re-analyzed by
the authors of [7] and they found that the two observations
Y(4630) and Y(4660) are probably the same tetraquark state.
Also they concluded the double baryon decay mode AA;
is strongly preferred with a ratio BR(Y — AIA;)/BR(Y —
Y(2S)ntn) = 25 £ 7 at 90% C.L., which is consistent with

our estimate.
. (f ¥ (29)
q
q
q

Y (4630)

0l
=

FIG. 4: The process of the tetraquark state decay into Y(2S)m 7.

However, we can also expect to observe Y(4630) decay
to, say, pp, DD etc. channels which are supposed to be
realized via re-scattering processes: Y(4630) — A.A. —
pb; DD, nr... and we will calculate the corresponding rates
under this tetraquark postulate in our following work.



Thus, we are looking forward to getting more information
from the Bellell, LHCb experiments, especially we will pay
more attention to Y(4630) — (25 )7*n~ mode which may
shed more light on the structure of Y(4630). In particular,
we suspect if there is a mixing between the tetraquark and
molecular states to result in Y (4630) and Y (4660), it would
be an interesting picture. Indeed in the near future, with the
accumulated data at various accelerators, our understanding
on the XYZ states will be improved and the observations of
new states are expected.
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Appendix: wave functions

In this work, we employ the SHO wave functions for the
baryons and Y(4630) as the input wave functions. For the de-

cay channels of interest, we need a P-wave two-body wave
function for the Y(4630) and the S-wave function for the
charmed baryons.

For charmed baryons in S-wave [30]

3/4 3/4 2 2
1 1 pp Pa

torsotnnpo = 9] (] o[22 - 22).
! nB2) 28, 2B

(A.1)
and for the two-body P-wave function [32]
. [2R? R’K?
Wy =1=1(K) = —i2 3 m«ylm(k) exp (— > ) . (A2)
2 RS2

212
=il = (5_2k2R2)J/1m(k)exp(_1%),

(A3)

S

where Y1,,(K) = V3/(4n)e_,, - Kk is the solid harmonic poly-
nomial, with €,; = (£1/ V2, —i/ V2,0) and ¢ = (0,0, 1).
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