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We present the interpretation that the recently discovered Z*(4430) by the Belle Collaboration can be
a radial excitation of the cs state, being consistent with an observed value of the product of branching
ratios, B(B® — K¥Z*(4430)) x B(Z*(4430) — mw*’) ~ 107>, We give an explicit c5 candidate for this
state by calculating the mass value in our semirelativistic quark potential model and also give a natural
understanding for the facts that the decay mode Z — J/¥ 7 has not yet been seen while Z — ' can

© 2008 Published by Elsevier B.V.

A series of exotic X, Y, and Z charmonium-like mesons have
been discovered by the B factories, among which the recent dis-
covery of Z*(4430) by the Belle Collaboration [1] draws attention
of many physicists because of the following reasons; Z*(4430) is
charged and hence cannot be a cc charmonium state or a ccg
hybrid meson and it might be the first charged tetraquark state be-
cause it is too heavy to be a charged Qg meson and furthermore,
strangely enough, only the decay mode Z+ — /7T is found while
the mode Z* — J/¢ ™+ has not yet been seen. The product of
branching ratios is determined to be

B(B® — K¥Z*(4430)) B(Z*(4430) — 7w *y)

= (4.1 £ 1.0(stat) £ 1.4(syst)) x 107°. (1)
Mass and width of this particle are measured as
mz=(4433+4+2) MeV, Iz =45715730 Mev. 2)

Looking at the above data, many people regard this particle
Z1(4430) as a strong and plausible candidate of a tetraquark state.
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According to such a point of view, the second factor of branch-
ing ratios given by Eq. (1) is in the O(1), because the decay
width of Z+(4430) is 45 MeV as given by Eq. (2) and the decay
7%(4430) — *y’ occurs through strong interaction, and then the
first factor becomes the @(10~>) from Eq. (1), whose suppression
is due to a very small recombination probability for making four
quarks (ccqq) into a tetraquark state. There already appear several
papers [2-10] on this state whether a tetraquark or molecular state
interpretation is possible or not. However, all models presented
so far cannot give a convincing explanation on why the mode
ZT — J/¥7T has not been seen, though some people [4] partly
account for the suppression of Z* — J/yw " based on the D{D*
or D} D* resonance model of Z1(4430). Furthermore, it should be
noted that the decay width given by Eq. (1) is not a partial de-
cay width for the process ZT — J/y¥m™ but a total decay width
of Z7(4430), because it is obtained from fitting the invariant mass
distribution of 7+ + ¢’ to the Breit-Wigner resonance formula.

In this Letter, we would like to propose a different inter-
pretation from these papers, i.e., this state can be a higher
radial excitation of D state. In this model, the first factor,
B(B® — K¥D¥(4430)), of the branching ratios of Eq. (1) replacing
Z%(4430) with DF(4430) is of the order O(1) because the numer-
ator contains a gluon interaction as shown in Fig. 1 below, while
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Table 1
First order mass spectra of the radial excited Ds (n=2,3,4) in 1/mq. Units are in MeV.

150(07) 35117) 3Po(0%) “p” (1h) “Ipy” (11) 3Py2h) 3D1(17) “*Dy" (27)
n=2
Observed - 2715 2856 - - - - -
Calculated 2563 2755 2837 3082 3094 3157 4449 1366
n=3
Observed - - - - - - - -
Calculated 3214 3371 3488 3792 3670 3736 3356 3413
n=4
Observed - - - - - - - -
Calculated 3763 3870 4074 4440 4333 4411 3906 3966
Table 2 (cs) and (cc) states. We notice that if the node of an initial cs state

Optimal values of parameters.

Parameters !=>3>* a (GeV~!) b (GeV) my. 4 (GeV) ms (GeV) m. (GeV) my (GeV)
0.344 1.939 0.0749 0.0112 0.0929 1.032 4.639

the second factor, B(DF(4430) — v, is of the order O(107>)
because an excited D (4430) can decay to D°K*/D*K° and also
to their excited particles D®K®™ via strong interactions with
the decay width of tens of MeV because of its large mass value
4430 MeV, in addition to the decay D7 (4430) — ¢’ + 7wt oc-
curring via weak interactions. Based on our semirelativistic quark
potential model [11-16], we give not only the numerical mass
value corresponding to Z*(4430) but also give the reason why
the decay mode Z* — J/y¥m ™ has not yet been seen.

The masses of radially excited Dg(cs) states are calculated and
presented in Table 1 by using our semirelativistic quark potential
model, which succeeds in reproducing the mass levels of all exis-
tent heavy mesons including recently discovered higher states of
D, Ds, B and B [13,14]. In Table 1, the same physical parameters
as in Refs. [13-15] are used and given in Table 2 except for ag:i
where i =1, 2,3, and 4 denote the principal quantum number. In
this Letter we have adopted the same value «! for i =3 and 4
as that for i =2 [14]. From Table 1, one may identify one of two
states, n = 4 3P1(17)4440 MeV, and n = 4 3P,(21)4411 MeV, as
a candidate for Z*(4430). Here we have discarded the last two
columns of Table 1 because these states, 3D1(17) and “3D,(27)"
in each row, are strongly affected by the off-diagonal elements of
the interaction Hamiltonian among these states with the quantum
number 25+1LJ in the larger state space [11]. Furthermore, it is
natural to consider that the Z*(4430) does not have a large or-
bital angular momentum but that it is rather the S state or at
most the P state, even if it has large n.

The parity is not a good quantum number in the decay process
Ds(4430) — v/'m™ since this process goes via a weak interaction
as shown in Fig. 3(a) and furthermore the spin of the excited Ds is
1 if the particles ¥ and 7+ originated from the excited D; are in
the relative S state, while it can be 2, 1 or 0 if they are in the rela-
tive P state. Thus, both of n =4 “3P;” (1) and n=4 3P,(2") can
be a possible candidate. This should be compared with the case
of Z7(4430) to be a tetraquark, in which a decay of tetraquark to
¥’ + 1 occurs through a strong interaction and hence the allowed
spin-parity of a tetraquark should be 17 for the relative S state of
¥’ and w or 27, 17, and 0~ for the relative P state of v and
7+ because the parity is conserved in a strong interaction process.

Next, if the Z7(4430) is a radially excited state of Ds, how can
we explain the suppression of the mode Z* — ] /v ? The answer
is as follows. Let us consider the decay process D{ (4430) — ¢/
or Df(4430) — J/ym as (c5) — (cC) + 7 by treating the  as an
elementary Nambu-Goldstone boson. Then the decay amplitude is
proportional to the overlapping integral of the wave functions of

wave function is the same as that of a final cc state wave function,
then the decay amplitude is expected to be large. On the other
hand, if they are different, the magnitude of the decay amplitude is
small. Here, we assume that the initial state is a radially excited D
state with higher node. Then, if the final state is J/v whose node
is zero, the magnitude of the decay amplitude is small or negligi-
ble. To see how it works, let us assume the trial wave functions
for Ds, J/v, and v being expressed by the Hermite polynomials,
YUx(X,y,2), as

1
Ux(X,y,2) = N—OHZm(mXX)HZm (mxy)
X Hom(myz)e MO HE2, (3)

where Hyp,(X) is the 2m-th Hermite polynomial with a node m
and we have confined the wave function in the range 0 < x < oo,
0<y<oo and 0 < z < o0. Ny is a normalization and my is
mass of the particle X, which is introduced to make the argu-
ments of the Hermite polynomials dimensionless. The ratio of
decay rates of Ds(4430) — J/y¥m to Ds(4430) — /7 is propor-
tional to | [ d3x Wxm Wxol?/| [ d>x Wxm ¥x1|?, where m, 0, and 1 are
nodes of the Ds(4430), /v, and v, respectively. The calculated
result is roughly given by

6.7 x 107% (n=2 for Dy),
85x107% (n=3), (4)
6.9x 1077 (n=4),

I"(Ds(4430) — J /)
I'(Ds(4430) — y'm)

where n is the principal quantum number of the initial Ds(4430)
state and its node number is given by n — 1. We know that the
node of J/v is zero and that of v is one, hence if we assume
the node of D(4430) is three with n =4, then, the ratio of the
production rate for the mode Z — J/y¥m to Z — ¥'m becomes
6.9 x 107, which is negligibly small.

Some comments are in order for distinguishing the cases of
Z = tetraquark and Z = radially excited D;. The chain decay pro-
cess BO — Zt(4430)K~ — 'm K~ for ZT(4430) being a radially
excited Ds or a tetraquark goes through the Feynman diagrams
shown in Fig. 1 and Fig. 2, respectively. As mentioned earlier, the
excited Dg(4430) decays via strong interactions as Ds(4430) — DK
(D{ (4430) — D*KkO/DOK*). In addition to this mode, D;(4430) —
D®K® are also possible where D® and K® are excited states
of D and K, respectively, if they are kinematically allowed. These
channels will be identified with D + K production accompany-
ing one or more pions and they are also signal channels for the
Z1(4430). However, among these channels, Ds(4430) — DK will
be dominant because of the phase space effect.

1. Fig. 1 in the case of Z = radially excited D; involves two
weak bosons, hence this is the second order process in the
weak interaction. On the other hand, Fig. 2 in the case of
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Z = tetraquark involves only one weak boson and thus this
is the first order weak interaction process. However, the latter
case needs to be multiplied with a recombination probability
to form a tetraquark, which must be ©(107°) as mentioned
earlier. Thus, it is expected that these two cases would be in
the same order of magnitude for a chain decay rate. There-
fore, we cannot distinguish a tetraquark and a radially excited
Ds as long as we look at the product of branching ratios alone
given by Eq. (1).

. As one can easily notice from Fig. 2, three charged states,

+ and 0, of Z(4430) must be available if Z is a tetraquark
state because [ccud], [ccdii], [cC(uu — dd)/\/i], and [cc(uu +
dd)/~/2] are possible. On the other hand, if Z is a radial excita-
tion of Dg, then only the + charged states are possible because
only ¢S and cs are possible states. Namely if Z is a tetraquark

b

tetraquark

oo

Fig. 2. Decay process through tetraquark: B® — Z*(4430)K~ — ¢/t K~.
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state, its isospin is one and/or singlet, while if Z is a radially
excited state of D, then its isospin is 1/2.

3. To distinguish these two possibilities, i.e., the case of a

tetraquark and the case of a radially excited Dg, let us con-
sider the diagrams, Figs. 3 and 4, for Z = D;(4430) and
Z = T(4430) (T means a tetraquark), respectively. If we as-
sume Z = Ds(4430), then the process D{(4430) — y'm™
(Fig. 3(a)) goes through one weak boson while the processes
D} (4430) — DK™ (Fig. 3(c))/D* K (Fig. 3(d)) are strong de-
cays. The process D (4430) — DOD™ (Fig. 3(b)) needs to go
through one weak boson exchange, hence the following ratios
are expected to be obtained.

I'(DF (4430) — DTKO/DOK+)
' (DF (4430) — /7 t)
r(Dj (4430) —» D°D*)
(DY (4430) — y/7t)
On the other hand, if we assume Z = T(4430), either the
process T+(4430) — DOK* (Fig. 4(c)) or T*(4430) — DTKO
(Fig. 4(d)) goes through one weak boson exchange. The process
T+(4430) — DOD™ (Fig. 4(b)) is not a weak interaction but a
strong interaction process. Hence the following ratios between

these processes and the process T1(4430) — v/'m+ (Fig. 4(a))
are expected to be obtained.

>1,

(5)

I'(T+(4430) — DtK%/DOK ™)
I (T*(4430) > ¢/mrt)
I'(T*(4430) - DO°D1)
(T+(4430) > ¢/ t) ~
Therefore if one measures the process Z — DK and its ratios

to Z — y'm, ie., Egs. (5) and (6), then one can distinguish
these two possibilities whether Z is Ds(4430) or T (4430).

<1,

(6)

4. Since a radially excited Ds decays to vy’ + 7 via weak inter-

actions, the partial decay width I"(D7 (4430) — y/m) would
be very small, contrary to the one for Z*(4430) = T (4430),
I'(TT(4430) — v'm), which is via a strong interaction decay.
However, as shown in Eq. (5), Di (4430) will dominantly decay
to D*K?/DOK* and hence the total decay width of D (4430)

Fig. 3. Various decay channels of D;.
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Fig. 4. Various decay channels of tetraquark.

becomes an order of a strong decay. As described in the be-
ginning, in the Belle experiment only the total decay width
of Eq. (2) being in the order of strong interactions, is ob-
tained by fitting the invariant mass of ¥’ + 7 to the S-wave
Breit-Wigner resonance formula. Therefore, the present exper-
iment does not rule out the possibility of Z*(4430) being the
D¢ (4430).

The Belle Collaboration discovered the rather narrow resonance
Z1(4430) in the invariant mass distribution of ' 4+ 7 in the
decay mode B® — K~ y’m*. However, in the B® decay there are
other decay modes, B - K~ K°Dt/K~K+D° or B - K~ DD,
in addition to this special mode B® — K~ Z+(4430) - K~ y/nt. If
the Z%(4430) is a radially excited D state, one can find Z*(4430)
more frequently in the invariant distribution of K°D*/K*+D° in
the mode B® — K~K°D+/K~—K+D°. On the other hand, if the
Z1(4430) is a tetraquark, it must be very difficult to find it in
the mode B - K~K°Dt/K—K+DO. Therefore, this type of de-
cay mode is very important to determine whether Z*(4430) is a
tetraquark or a radially excited D;.

Recently the CDF Collaboration reported the observation of the
decay mode BY — J/yrw* [17]. This must become a very inter-
esting example to test our model: in this decay mode the heavy
mesons in the initial and final states have both zero nodes and
therefore, this decay rate should be very large compared with the
rate for the process B — y/m* with the node of ¥ to be 1,
which might be strongly suppressed or not be observed.

In this Letter, we have discussed the possible interpretation
of Z1(4430) as a radially excited D; state. We presented the
mass levels of radially excited D states and gave the reason-
able explanation on why the mode Z — J/v¥m was not observed
in the Belle experiment. As shown in Table 1, we can see a
wealth of excited D; states. We would like to stress that the
experimental search for resonances in DK and D™K® invari-
ant mass distributions is very interesting not only for observing

Z1(4430) but also for discovery of n =2 and n =3 excited Ds
states. Related to this, it is remarkable that the n =2 35{(17)
2715 MeV and n = 2 3Pg(0") 2856 MeV were already observed
and reproduced well by our semirelativistic model, as shown in
Table 1.

We would like to urge the analysis on the invariant mass dis-
tribution of K°D*/K*D? in the decay mode B® — K~K°D*/
K~K*D® which must contain a fruitful physics of excited D;
states.
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