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Hidden-charm and radiative decays of the Z(4430) as a hadronic D;D* bound state

Tanja Branz, Thomas Gutsche, and Valery E. Lyubovitskij™

Institut fiir Theoretische Physik, Universitdt Tiibingen, Auf der Morgenstelle 14, D-72076 Tiibingen, Germany
(Received 20 May 2010; published 22 September 2010)

We study the Z(4430)* meson within a heavy hadron molecule interpretation where the Z is considered
as a bound state of a vector D*(2010) and an axial-vector D,(2420). We give predictions for the strong
hidden-charm Z(4430)* — 7=y and 7= 4’ decay widths and also study the radiative Z*(J* = 17) —
7+ y decay properties in a phenomenological Lagrangian approach. Our findings are qualitatively in line
with the experimental observation that the 77 ¢’ transition dominates over the 7= ¢ decay mode despite a
smaller phase space. The width for the radiative mode 77~y is sizable, allowing possible detection in

future experiments.
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I. INTRODUCTION

The spectrum, production, and decay properties of ob-
served hadrons still pose major challenges in their theo-
retical understanding. In particular, already in the light
meson sector we have experimentally observed reso-
nances, as for instance the low-lying scalar mesons, which
cannot be simply and consistently explained by a leading
order quark-antiquark (gg) structure. But a unique inter-
pretation of such anomalous meson resonances is also not
at hand, not even for a single case. Detailed discussions
concerning the possible non-¢g nature of meson reso-
nances find their repetition in the heavy meson and espe-
cially the charmonium sector [1,2]. Here investigations are
essentially fueled by the enormous progress on the experi-
mental side with the discovery of many new charmonium-
like states by the Belle and BABAR Collaborations at the
B-factories (see e.g. recent conference proceedings [3]),
and also in experiments by the CDF, DO, and CLEO
collaborations [4]. Properties of these newly observed X,
Y, and Z mesons cannot be easily explained within the
standard charm-anticharm (cc) assignment. For instance,
besides the overpopulation in the ¢¢ spectrum due to the
numerous occurrence of X, Y, and Z mesons, decay pat-
terns of these mesons are in some cases in contradiction to
the standard charmonium predictions. Here one example is
the sizable w ¢ hidden-charm decay width of the Y(3940)
[5-7] which should be significantly suppressed in the
charmonium picture. Some of these new charmoniumlike
states are considered good candidates for possessing a
hadronic substructure which goes beyond the standard c¢
assignment ranging from quark-gluon hybrid mesons [8,9]
and tetraquark states [10] to dynamically generated states
[11] or bound states of two mesons called hadronic mole-
cules [7,12]. A review on the experimental situation with a
first overview of the present theoretical understanding is
e.g. given in [1,2,5,6].
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The observation of the charged Z(4430)* by the Belle
Collaboration [13] presents so far the culmination of the
series of newly discovered X, Y, and Z mesons. The zZ*
was originally found as a relatively narrow enhancement in
exclusive B— Kt/ decays with mass m, = 4433 +
4(stat) + 2(syst) MeV and width T, = 457 18(stat) +
30 — 13(syst) MeV. The BABAR Collaboration also
searched for the Z" resonance in Bt — Kart ¢/ decays
but without positive evidence for a narrow Z* — 7/
signal [14]. They report a branching-fraction upper limit,
for example, for the process B(B — Z(4430) " K*,Z~ —
'm) <3.1-1077 at the 95% c.l. It was speculated that
the resonant structure, observed by Belle, might arise from
interference effects in the Ksr rather than in the 7y’
channel. After this report the Belle Collaboration [15]
reanalyzed their data sample in a full Dalitz-plot formalism
now with a 6.4¢ signal for Z* — 7" ¢’ with mass m, =
4443*13%12 MeV and width T = 10778*7° MeV. This
reanalysis confirms and supersedes the previous Z* reso-
nance parameters of [13]. The larger errors contain e.g. the
uncertainties in the spin assignment of the Z* (J = 0, 1)
and in the orbital angular momentum in the B decay. The
reanalysis by Belle results in a product branching-
fraction B(B® — K~ Z(4430)")B(Z(4430)" — 7 ¢') =
(3.2738433)- 107 [15] which is consistent with the
BABAR upper limit. The decay mode 7", assuming
standard conservation laws, leads to an identification of
the Z" as an isotriplet state with positive G-parity. The J”
quantum numbers remain to be determined. As in other
cases of the X, Y, and Z mesons, see e.g. the Y(3940), the
Z* also shows a sizable coupling to the hidden-charm
decay channel. As a consequence the partial decay width
of Z* — 7" ' is expected to be on the MeV scale [1]. In
comparison, for the conventional c¢ configuration, open
charm decay modes are dominant whereas hidden-charm
decay channels are Okubo, Zweig, and lizuka (OZI)-
suppressed and typically result in decay widths of a few
keV only [5,6]. Since this resonant structure was observed
in the invariant mass of 7= ¢/ the Z* as a charmonium
state with isospin / = 1 is a truly exotic resonance which
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might offer the possibility to uniquely pin down a non-c¢
structure. A further key issue concerns the observation
mode of the Z*. While the Z* was seen by Belle in the
/' channel no signal was reported in the 7" mode
implying a large ratio R=T1(Z" — 7" ¢')/T(Z" —
7). Note that the suppressed mode 7+ ¢ is favored
by phase space. Although some arguments [16—19] were
put forward to understand this dynamical selection rule, a
full quantitative explanation is not given yet. The Belle
Collaboration reported [20] on further charged states in the
charmonium sector. There is evidence for two charged
resonances in the 7" y,; channels termed Z{ (4050) and
Z3 (4250). However, the signal is much poorer than for the
Z(4430)*.

Several non-cc structure interpretations have already
been discussed in relation to the Z(4430)~ (since the Z~
carries charge a cc¢ hybrid configuration is obviously ex-
cluded). The Z* is considered a candidate for a radially
excited ccud tetraquark [10,16,17,21], for a less compact
hadronic meson molecule [22,23] or could be just due to
threshold effects [19]. Further explanations for the occur-
rence of the Z(4430)" are a cusp in the D, D* channel [24],
a radial excitation of a c¢§ configuration [25], a baryon-
antibaryon (baryonium) bound state [26], or even a i’
bound state in mesonic matter [27]. The molecular inter-
pretation is rather natural since the Z(4430)* mass lies
extremely close to the D(2420)D* threshold at 4.43 GeV.
Assuming an S-wave, D,(2420)D* bound state possible
quantum numbers are J” = (0, 1,2)". This would also
imply that the Z" — 7" ¢ decay proceeds in a final state
P-wave as opposed to an S-wave for the J¥ = 1" tetra-
quark proposition. Note that the D;(2420) is fairly narrow
with a total width of about 20 MeV, which would princi-
pally allow the formation of a hadronic bound state.
Alternatively, the bound axial-vector charm meson can
also be identified with the D} = D(2430) which within
errors is degenerate in mass with the D;(2420) but has a
rather large width of about 400 MeV.

Aspects of the hadronic-molecule interpretation have
been studied within various models including meson-
exchange potential approaches [28-30], QCD sum rules
[31,32], and effective Lagrangian techniques [18,33]. First
analyses [28,29] based on the long-range one-pion ex-
change mechanism conclude that the isovector D;D* or
D' D* systems cannot form a J?© =07~ or 17~ bound
state. Based on the binding energy of the D;D* system of
around a few MeV the one-pion exchange study in [28]
suggests a probable isovector 1+ assignment for the Z™.
Further inclusion of sigma meson exchange leads to
S-wave binding for D|D* with J® =07, 17, 27 [30],
but the large width of the D} probably disfavors the for-
mation of a molecular state. Inclusion of the sigma-
exchange potential also leads to binding for the D;D*
configuration but only for J* = 0~ and at the price of a
large cutoff which in turn leads to an enhanced attraction of
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one-pion-exchange. An evaluation in the context of QCD
sum rules [34] favors the molecular D;D* bound state
interpretation of the Z* with quantum numbers 0. The
study of the low-energy D,D* interaction in a quenched
lattice calculation also indicates attraction in the J* = 0~
channel, but this effect is considered probably too weak to
lead to the formation of a bound state [35].

Two-body decays of the Z* were also analyzed in
effective Lagrangian methods. The open charm decays
D*D*, D** D, and D** D** were analyzed in [33] and,
in spite of ill determined coupling constants, argued to be
suppressed in the molecular interpretation while dominant
for the tetraquark configuration. More importantly, the Z™*
was observed in the hidden-charm mode 7" ¢/ while no
signal was seen in the 77" ¢ decay channel. In the unpub-
lished work of [18] these channels were investigated in
addition to the dominant D*D*7r decay, but the conclusion
on the possible suppression of J/ ¢ depends very much on
form factors and the regularization in the loop diagrams.

In the present work we reconsider and pursue a quanti-
tative explanation of the hidden-charm decay modes Z* —
7+ and 77" ¢/ in the context of a molecular D, D* bound
state interpretation. In addition, we determine the radiative
decay width Z* — 7%y as a further key feature of the
molecular idea. As suggested by the above mentioned
studies related to possible binding, we consider the quan-
tum numbers J¥ = 0~ and 1~ for the hadronic molecule.
In technical aspects we proceed in analogy to the open and
hidden-charm hadrons D},(2317), D,;(2460), X(3872),
Y(3940), Y(4140), A(2940), etc. [7,36-39] considered pre-
viously as hadronic molecules. For our analysis we use an
effective Lagrangian approach for the treatment of com-
posite objects—molecular states [7,36—39]. The hadronic
bound state is set up by means of the compositeness
condition [40] which also allows for a self-consistent de-
termination of the coupling strength between the hadronic
molecule and its constituents.

This work is organized as follows: In the following
section we discuss the set up of the mesonic bound state
and introduce the effective Lagrangian approach which we
use to study the decay properties of hadronic bound states.
In the subsequent sections we apply our method in order to
compute the radiative Z* — 7ty decay in Sec. III and
strong Z* — 7" decays in Sec. IV. Our results are
presented in Sec. V. At the end of this work (in Sec. VI) we
give a short summary of our findings and draw the
conclusions.

II. THEORETICAL APPROACH

In the present study we assume the Z* to be a pure
bound state of an axial D(I/) and a vector D* meson. In the
charmed meson spectrum two nearby P-wave excitations
with J = 17 are expected. These two axial D, states can
be identified with the D(2420) = D, and the D,(2430) =
D' In the heavy quark limit the two degenerate 17 states
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are characterized by the angular momentum j, of the light
quark with j, =3/2 and 1/2. While the strong decay
D,(j, = 3/2) — D" proceeds by D-wave, the transition
D,(j, = 1/2) — D" has a final S-wave. The state decay-
ing via D-wave is narrow while the one decaying in an
S-wave is expected to be broad. Since heavy-light mesons
are not charge conjugation eigenstates the axial states can
also be written as a superposition of the !P, and 3P,
configurations (/ = L and § = 0 or 1) with

|D;) = cosp|'P,) + sing|>P,),

1

|D}) = —sing|'P,) + cosd|*P)). M

More detailed analyses [41-43] of the mixing scheme in
terms of the total width indicate that the mixing angle has a
value of about ¢ = arctan(1/~/2) = 35.3°, the “magic”
value expected from the heavy quark limit. With this phase
convention [alternatively ¢ = — arctan(~/2) = —54.7°
can be used] the D, state is identified with the narrow
D,(2420) (I' = 20 MeV [44]), while the broad D,(2430)
(I' = 380 MeV [44]) is connected to the D). Since our aim
is to study the Z* as a mesonic bound state containing a D
|

Lop o = gz\‘/";* Z (x) f dyfb(yz){l)f“ (x -

For J? = 17 the respective Lagrangian L;p,p is given by
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state, the narrow D;(2420) with its long lifetime is more
favorable than the broad D(2430).

Since the Z(4430)" was observed in the 'z final
state, isospin and G—parity assignments are /¢ = 17, If
the Z(4430)" is an S-wave D;D* molecule, the J© quan-
tum numbers are 0~, 17, or 27 . Here we restrict the study
to the 0~ and 1~ cases since J© = 27 seems excluded by
the small phase space in the B — Z " K production process
[45].

Following the convention discussed in [29,45], the par-
ticle content of the isospin multiplet is given as

2%) = S5 D7 D) + [DID")),
120 = SD{ D) = IDID™) + D} D**) = [DD))
1

2

In the present method the meson bound state is first set
up by the effective interaction Lagrangian between the

hadronic molecule and its constituent mesons. In case of
JP = 0~ the Lagrangian reads

|27y = ——=(IDYD*") + |Dy D*)). 2)

)D_;f(x + %) + D_?“(x - %)Djf (x + %)} + He. 3)

/ JE— N
Lpp = igL\/'EW 6“'3“”6“2; (x) /dyq)(yz){Dfa(x - %)Dz()(x + X) + D?a(x - X)D*[; (x + X)} +Hce 4

with x and y being the center of mass and relative coor-
dinates. The correlation function ®(y?) takes into account
the distribution of the constituent mesons in the Z reso-
nance. Its Fourier transform enters as a form factor in our
analysis which also leads to a regularization of the struc-
ture integrals. In earlier works [46,47] it was found that
observables as decay widths which are studied in this paper
are not sensitive to the specific shape of this form factor as
long as the intrinsic scale remains the same. In the present
case we deal with the Gaussian function

4 ~
00 = [ 3 Sse MR-

d(k2) = exp(—k%/A?),

&)

where the index E refers to the Euclidean momentum. The
size parameter A is fixed in the physically meaningful
region of a few GeV. In the present work we study finite
size effects by varying A, in the range of 1.5-2.5 GeV. In
the special case of a pointlike molecular structure the
correlation function ®(y?) reduces to the delta function
5*(y), equivalent to (k%) — 1.

2 2 2

I

The coupling of Z to the virtual constituents, denoted by
gzp,p*» 18 fixed by means of the compositeness condition
[7,36—40,48] which provides a self-consistent method to
adjust this quantity. Since we deal with a hadronic bound
state, the physical field of the Z meson should be fully
expressed by the fields of the constituent mesons and
therefore does not contain a bare component. This is
achieved by setting the field renormalization constant Z,
to zero with

Zy =1~ gy 2 (m3) =0, 6)

where I1'(m%) = g%Dl 2 (m%) is the derivative of the
mass operator illustrated by the diagram in Fig. 1. If the
Z meson is a vectorlike object (quantum numbers J” =
17) the mass operator is split into its transverse and lon-
gitudinal parts > and X

yIas
S (p) = S SN )

where g//" = g — % and g"”p, = 0. In the compo-
siteness condition of Eq. (6) only the transverse part enters.
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FIG. 1 (color online). Mass operator of the Z(4430) meson.

Meson loop diagrams are evaluated by using the free
meson propagators, which in momentum space read as

1

Sy h)y=—————
m (0) M%Il—kz—ie

®)

in case of pseudoscalar and scalar mesons (H; = P, S). For
the case of vector and axial-vector mesons (H, = V, A) we
use

—ghv + k’“k”/MIZ_I2

Shr(k) =
i, (0 M} — k* — e

)
Here we do not include the finite widths of the constituent
mesons in the propagators [especially for the D,(2420)
with a total width of about 20 MeV] since this effect is
negligible in the present analysis.

The mass values for the intermediate and final state
mesons are taken from [44]. For convenience we also
introduce the binding energy € defined by the difference
between the central value of the Z* mass and the lower
threshold (D} D*°) with

Mz+ = Mp+ + mpo — €. (10)

We finally present our results in dependence on the pos-
sible values of the binding energy e.

IT1. RADIATIVE DECAY

We first consider the radiative decay Z* — 7+ which
in the molecular D;D* interpretation proceeds by the dia-
grams of Fig. 2. In the following we discuss the relevant
vertices entering in the radiative decay process.

One of the interaction Lagrangians relevant for the
radiative decay arises from gauging the free Lagrangians
by using minimal substitution

OFM* — (0* F ieAM)M™, (1
which leads to
Lem) = jeA, (Z79#Z* + 7 o w* + g*BV; 91V
+ gHPVL 90V — gt aPVL V), (12)
where A9“B = A9"B — BI*A and V = D*, D,. The cor-

responding vertices enter in Figs. 2(a) and 2(b), where the
triangle diagrams are obtained by coupling the final states
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FIG. 2 (color online).
Zt — 7y decay.

Diagrams contributing to the radiative

to the Z* constituents. These graphs yield the dominant
contributions to the decay amplitude. Because of their
nonlocal structure the strong interaction Lagrangians (3)
and (4) are not invariant under U,,,(1) transformations and
need to be modified accordingly. We use the method
suggested in [49] where each charged meson field M is
multiplied by an exponential containing the gauge field

MZ(y) — 7105 (y) (13)

and I(y, x, P) = [} dz, A*(z). This modification leads to
further interaction vertices contained in Figs. 2(c) and 2(d).
These additional graphs 2(c) and 2(d) are strongly sup-
pressed but they have to be included to guarantee full
gauge invariance.

The interaction between the final pion and the charmed
mesons D;, D" in the loops is set up by the interaction
Lagrangian

_ 8D, D*x

£D1D*7r - 2\/5

where V#" = grV¥ — 9”V# is the stress tensor of the
vector mesons V = ¢, D, and D*. The interaction vertex
involving the D;(2420) meson should contain a dominant
D-wave D* 7 coupling (see e.g. [41,42,50]) which dictates
the form of the Lagrangian in (14) with two derivatives
involved. This dynamical selection rule, obtained in the
heavy quark limit, also leads to the form of the Lagrangian
(22) in case of the strong decays discussed in the next
section. The coupling constant g, p+ is derived from the
width of D; — D" which is the dominant decay mode of
D;. The partial decay width is expected to be around
20 MeV [43], where T['(DY— D**77)=2I(D)—
D*07Y). The decay width is set up as

D{"m@rD*,, + Hec, (14)

A2(m2  m2., m?
(DY — D" 77) = (. My, m7)

|MI% (15)

1677'm?)1

where A(a, b, ¢) = a*> + b*> + ¢* — 2ab — 2ac — 2bc de-
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notes the Killen function and |[M|? = 1/ 3Zpol|£7\/l|2 rep-
resents the spin-averaged and summed over polarizations
transition amplitude squared. The effective D-wave inter-
action Lagrangian of Eq. (14) leads to the matrix element

M b+ - = 80,02 (PD*PD,&"" = Pppepp,). (16)
Hence, the decay width for a D-wave decay is of the form

2
8D,

3

(DY) — D* 7)) =
96mmy,

M2+ 6m3, m2.)  (17)
with the resulting coupling gp p+n, = 0.49 GeV~! for
I'(D, — D*m) = 20 MeV.

In case of J* = 0~ the radiative decay Z* — 7ty is
excluded due to gauge invariance. If the spin-parity of the
Z* is 1~ then the transition amplitude M*¥ has the
structure

MHY = eFy,. (m%, m%,00€Prpqs  (18)

where gz, is the effective coupling. It is related to the

corresponding  transition ~ form  factor = gz, =

Fz,y(m%, m%,0) evaluated via the loops of Fig. 2.

Finally, in terms of the effective coupling g, the decay

width I'(Z* — 7 y) is given by

a m? a
Nzt —7mhy) = ﬁg%ﬂ"}’m%<] - m;;) = ﬂg%m’m%‘

(19)

IV. STRONG HIDDEN-CHARM DECAYS

In order to study the strong hidden-charm decays Z* —
" 7r™ we first set up the interaction between the final state
and the constituent D, and D* mesons. We use the effective
Lagrangians

_ 8p*D7w

£D*D7T_ 2\/5

Dt ario"D + He,  (20)

L ppey = igpp (WP DLD, + y#D¥ DY,

+ ¢*D*,,D*"), 1)
g .
Ly = DIZW D" ,,D + He.. (22)

The coupling of the Z* to its constituents is determined by
Eq. (6). In addition, L, p-, was already defined in (14) in
the framework of radiative decays. The coupling strengths
gopr = 17.9 and gpp-y/y =8 as well as the ratio
gy'p'p'/&ypp+ are taken from heavy hadron chiral per-
turbation theory [36,38]. This ratio of couplings of excited
' to i is fixed by g ypp/8ypp = My fy/(myfy) =
1.67, where f o is the leptonic decay constant. An esti-
mate for the remaining coupling gp py is taken from a

PHYSICAL REVIEW D 82, 054025 (2010)

iz Do
D} (DY) 7" —— 0
Z+ D*O(D*+) D+ (DO)
oL "l Dr

_,_71.+

FIG. 3 (color online).
YW 7r* decay.

Diagrams contributing to the Z* —

coupled channel analysis (see e.g. [51]). We use
lgp,p*=| = 72 MeV and |gp py| = 29 MeV from [52] in
order to estimate the ratio of the coupling strengths r; =
ngDw/gD]D*,T =~ (0.4 = 0.2, where we assumed an uncer-
tainty of 50%. By using the ratio r; and gpp, =
0.49 GeV ™! as defined above, we can give a rough esti-
mate of gp py = 0.2 £0.1 GeV~!. As discussed below,
the diagram (a) of Fig. 3 clearly dominates the hidden-
charm decay. Therefore, in leading order the Z+ — ¢V 7+
transition can be regarded to be proportional to g, 0. A
variation of g, 5,,,» modifies the decay width accordingly.
In order to estimate the ratio of couplings
gp,py'/ &p,py We use the 3P, model [53], where the de-
tails of this procedure can be found in the Appendix. We
find for the ratio of couplings gp py'/&p, py @ value which
is close to 2 and of the same order as the above mentioned
ratio gy/pp*/gyp-p* = 1.67. This hierarchy of couplings
involving the ¢ and ¢’ charmonium states is consistent
with the heavy hadron chiral perturbation theory scaling
indicated above. Further on we include uncertainties in the
predictions of the P, model which, for example, might
arise due to variations of the quark-pair production ampli-
tude (as e.g. discussed in [54]) which is usually fitted to
data. In literature the quark-pair production strength
ranges between 0.4 [41] to 0.5 [55]. We therefore consider
an uncertainty of 50% in the ratio r, = ngDW/gD]Dd, =
2+ 1.

The diagrams describing the hidden-charm decay are
illustrated in Fig. 3.

Provided that the Z* is a pseudoscalar, the transition
amplitude for the hidden-charm decay mode can be ex-
pressed by two form factors F ,:

M Iu+

Zt—aty

ry =

= F,(m2, m%l, m2)ph + Fy(m3, mfl, m%)piz
(23)

Here only the first form factor contributes to the decay
width T'(Z* — ¢V 7™):

)‘1/2
Nz — p0mt) = [ MP
167mm;,
N2 (m, %, m?)

3.2
o4mmym,

— 82y (24)
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where and

8Zmy = F, (m% m?//, m%.) Alx, y,z) =
x2 +y? + 72 — 2xy — 2xz — 2yz is the Kiillen function.
If we deal with a vector Z* the matrix element is given

by

M# = F3(m3, m%y, m3)e*P’p .pg (25

and by analogy we use g/, = F3(m3, mj, m3) in order to
calculate the decay width
N3 (m3, m3, m?)

FZ+—> D)t — o2

(26)

V. RESULTS

In the following section we discuss our results on the
decay properties of the Z". As far as the hadronic molecule
is involved the coupling constant is fixed by the compo-
siteness condition. The corresponding couplings are sum-
marized in Table I for the quantum numbers J© = 0~ and
17. Values for the coupling constants are presented in
dependence on the binding energy €. Since the Z* mass
lies close to the (D} D*) threshold at 4.43 GeV the values
for € are of a few MeV, in particular, we vary € between 1

TABLE 1. Coupling constants gzp, p* (JP=07) and g’ZDID*
(JP =17)1in GeV for A, = 1.5-2.5 GeV and € = 1-10 MeV.

€ [MeV] 1 5 10
gzp,pr J©''=07) 38+0.1 5.6 0.1 6.8 +0.2
gpp P =17) 12201 1.8+01  21=0.1

TABLE II. Decay widths I'z+_,+, in keV for JP =1~ with
€ = 1-10 MeV and A, = 1.5-2.5 GeV.

€ [MeV] 1 5
Lyipey [keV] 0.3192 0.6%03

10

0.8%04
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and 10 MeV. The errors on the numerical results are due to
variations of the model parameter A, from 1.5 to 2.5 GeV.

The radiative decay width for Z* — 77"y is analyzed
for 1, whereas for J© = 07 it is forbidden. The results are
indicated in Table II for different values of the binding
energy and the size parameter. Our predictions are in
general rather sizable and of the order of 0.2 to 1.2 keV.
In Table II the smaller value of each entry corresponds to
A, = 1.5 GeV while the larger one is related to A, =
2.5 GeV.

The decay widths for the hidden-charm decay channels
Z — i and Z — i’ are given in Table III for J* = 0~
and in Table IV in case of 1. In both tables the error bars
indicate changes in the finite size effects with A, varied
from 1.5 to 2.5 GeV. The ratios r; = {fD‘—Dj’ =04+02

D\D"m
8p,py/

DDy

coupled channel analyses [51] and from the phenomenol-
ogy of the *P, model (see the Appendix). We consider
uncertainties in the ratios r; and r, and study the decay
properties of the Z* for possible values of the coupling
constants.

The hidden-charm decay mode is generated by the
graphs of Fig. 3, where diagram 3(b) clearly dominates
the transition amplitude by 1 order of magnitude in com-
parison to graph 3(a). This dominance results from the
sizable D*Dmr-coupling but also from the lighter
D-meson mass (compared to D™ exchange) in the rescat-
tering process. As a consequence the decay widths are very
sensitive to variations of the couplings g, p,,,0; variations
of r; and r, enter approximately quadratically in the decay
widths. For instance, I';_. /T 7.y = r3 as can be read
off from the results in the last three columns of Tables III
and IV.

For values of the ratios in the region r| =
8p,0y/8p,p'x = 0.4 to 0.6 and r, = gp,py'/8p,py =
2-3 the decay width I';_, .,/ is in the MeV range which
is consistent with the expectation from observation [1].
However, if the ratio r| is relatively small as in the case

and ry = = 2 *= 1 we fixed from values obtained in

TABLE IIl. Decay widths TI'y_,0, in MeV for J* =07, Az=15-25GeV, and

r> = gp,py'/&p,py = 1-3.

€ [MeV] Ty, [MeV]

FZ—>7¢/’ [MeV]

R = Fz—»m///rz—»m,//

r2:1 }’2:2 r2:3 }"2:1 r2:2 r2:3

;’lf—w =02 0.2751 0.1759 0351 0873 =02 =~15 =38
5 0.4793 0.1 06+02 157 =03 =15 =39

10 0.5753 0.1 0.8%93 207} =03 =15 =37

gg[’j—w =04 1 0.9703 03901 15704 35705 =03 =16 =40
' 5 17752 0603 28%0¢ 6773 =03 =17 =40
10 2.3%51 08753 3.719% 87118 =03 =16 =38

;’5& =0.6 1 21793 0.8%903 35709 83'5 =04 =17 =40
5 3.9%13 L5508 67513 156738 ~04 =17 =40

10 53413 20703 87718 20173 =04 =16 =338
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TABLE IV. Decay widths FZ_,I/,(,)W in MeV for JP=1", A,=15-25GeV, and

= gDIDLp'/ngm/ = 1-3.

PHYSICAL REVIEW D 82, 054025 (2010)

€ [MeV] TI'z_.y [MeV]

rZ—»m//’ [MeV]

R= Fz—»m//'/rz—»mp

=1 rn=2 rn=3 rn=1 rn=2 rn=3

;—/ =02 1 0.1 0.1 03% 0872 =08 =55 =140
‘ 5 0.1 0.1 06799 15%02 =08 =53 =136
10 0.1 0.1 072 19%%3 =08 =52 =136

o — 0.4 1 0.4%91 03-04 1.6%03 38*)1 =07 =35 =83
‘ 5 0.8%92 06701 29%04 69%10 ~08 =36 =86
10 11793 0701 3.6%0% 87%3 =06 =33 =179

gg”—w =06 1 1.2493 0.8702 38707 9.0%1] =07 =31 =74
5 23404 15703 69710 162738 =07 =30 =70

10 2.940¢ 1.9%03 87713 204%3¢ =07 =30 =70

of r; = 0.2 the decay width I',_, ,,» becomes smaller than
1 MeV, which seems excluded by observation.

For the quantum numbers J© = 0~ the decay mode Z —
ar i is suppressed relative to ¢/’ by a factor = 2 for r, =
2 and about 4 for r, = 3, respectively. In case of 1~ the
ratio of decay rates R = I'(Z" — 7t /) /T(Z" — 7t )
is even larger with R = 3 forr, =2 and R = 8 forr, = 3
which is at least qualitatively in line with the experimental
observation that the 7' decay mode dominates the
7" partial decay width. The ratio R is rather insensitive
to variations of the model parameter A, and the binding
energy e as indicated in Tables III and IV for J* = 0~ and
JP = 17. On the contrary, for equal couplings gp,py' and
gp,py» 1. ry =1, the branching ratio R =T'(Z" —
aty")/T(Z" — 7% ) is smaller than 1 which presently
is in contradiction to experimental observations.

At least in the molecular scenario, the radiative decay
might help to partially settle the J* quantum numbers of
the Z; the strong Z* — 7" ¢’ decay is not very sensitive to
the choice of J”. The dependence on J* of the strong
hidden-charm decay widths is not very pronounced, for
JP =17 decay widths are only slightly smaller than for
0.

Within the hadronic bound state interpretation hidden-
charm decays were also discussed in [18]. But in the
present evaluation the contributions of the D* and D re-
scattering processes represented in Fig. 3 are significantly
different. In our case diagram 3(b) is dominant because of
the sizable coupling of the D* meson to the D7 mode. On
the contrary in [18] the diagram in Fig. 3(b) is highly
suppressed by a factor of about 15-30 compared to the
D* exchange process, which was explained by the small
gp,py coupling. We want to remind the reader that the
prediction for R =T'(Z* — 7" ¢/)/T(Z" — =" ) pri-
marily depends on the explicit values of the coupling
§p,pyv and therefore on the ratio gp,py'/gp,py> While
variations of A, and € only play a minor role. In compari-
son, in [ 18] sizable values for the ratio R are only obtained
for small hidden-charm decay widths.

VI. CONCLUSIONS

In the present work we consider hidden-charm and
radiative decays of the Z(4430)" in a D,(2420)D* + H.c.
molecular structure interpretation. As guided by previous
studies of possible binding mechanisms in this system we
choose the preferred J* = 0~ and 1~ quantum numbers
for the Z™*.

In the predictions for the decay widths we study the
influence of finite size effects and the dependence on the
exact value of the binding energy. We give a first prediction
for the radiative decay width Z(4430)" — 7%y only al-
lowed for J* = 17, which is about 0.5 to 1 keV. This order
keV result should allow for a possible detection. We also
analyzed the hidden-charm decays Z* — 7" s, presently
not observed, and Z* — 7" ¢/, the discovery mode of the
Z*. Both decays are generated by D* or D rescattering
processes. Predictions depend crucially on explicit values
for the couplings g, p,,0. For approximate values of these
couplings we took guidance from a coupled channel analy-
sis [51,52] (which essentially fixes gp py) and in addition
from the P, model (for the ratio r, = gp py'/8&p,py)-
Low values for r, = 1 generate predictions for ',
which are much too small to justify observation and for
R=T,..,/T7., which contradicts the nonobserva-
tion of the 7¢ mode. Intermediate and larger values for
r, = 2-3 lead to order MeV predictions for I',_, ., and
also to a ratio R = 2-9 at least qualitatively in line with
experimental constraints. For J© =17 the ratio R is
slightly larger, but in general a sizable dependence of the
predictions on the choice of J” is not observed. Also, finite
size effects (as contained in the size parameter A ) and the
exact value of the binding energy do not have a large
influence on the predictions.

Present predictions have a slight tendency to support the
D,D* bound state interpretation of the Z(4430)" at least
what concerns the hidden-charm decay modes. A further
evaluation of open charm decay modes does not seem to be
decisive since predictions also depend crucially on princi-
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pally unknown coupling constants [33]. In this respect the
radiative mode 7"y offers a further test for the structure
issue of the Z™.

From the experimental side it is clear that the existence
and, if possible, quantum numbers of the Z(4430)" still
have to be firmly established. As long as the charged
charmoniumlike structures are not ruled out, they remain
an interesting object for future experiments e.g. the Z*
could be studied in nucleon-antinucleon scattering pro-
cesses in the upcoming PANDA experiment [56].
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APPENDIX: RATIO OF COUPLINGS g py'/2p,py

Here we give an estimate for the ratio of couplings for
D\DJ/¢ and DDy’ by using the 3P, model
[41,53,55,57]. The 3P0 model is a standard phenomeno-
logical tool to analyze hadron decays. Thereby a ¢g pair is
created from vacuum with quantum numbers /¢ (JPC) =
0*(0**), hence 3P, in spin-orbit coupling. The * P, model
is rather sensitive to variations of the parameters i.e. the
elementary pair creation strength and the radii of the
hadron wave functions involved. The model can deliver
meaningful results for strong hadronic decay rates when
evaluated in the center of mass frame and provided that all
initial or final state particles are on shell. Further exten-
sions of the 3P0 model concern, for example, nucleon-
antinucleon annihilation processes [58,59] and the deter-
mination of baryon meson coupling constants [41,60]
where the emitted meson is not necessarily on shell any-
more. Since in the present work we deal with transitions
between off-shell mesons, the D, — Dy and D; — D/’
decays are kinematically forbidden, we cannot fix the
couplings directly from the model. However, since the ratio
of transition matrix elements has a less pronounced pa-
rameter dependence, we use the 3P0 model to determine
the ratio of the couplings r, = gp py'/&p,py-

In the 3P0 model the transition amplitude for the process
A — BC is given by
Ty—pc = vy

ng,lpg,mpg

X WA (1,2))

(1,3)w¢

ne,le,m,

L2,4910:, (3,4)
(AT)

where the indices i = 1, 2, 3, 4 refer to the respective
quarks. For the initial and final mesons we use, as usual,
simple harmonic oscillator wave functions

PHYSICAL REVIEW D 82, 054025 (2010)

] R
Vi) = NotLn™ 2 (R2p?) exp(— 7p2)<Rp)’

X [l(SISZ)Sms> ® Ylm(ﬁ)]],m,
X 8P — p1 — po)xn(12x(q142), (A2)

with the normalization N,,; = (—i)z””w/#f’;/z), the ra-

dius R, and the relative momentum p = % . Quark i
is characterized by its mass m; and spin s;. L., and Y,
represent the Legendre and the spherical harmonics, re-
spectively. x* and y/*¢ denote the spin and flavor-color
wave functions.

The additional quark-antiquark pair required for the
decay of a meson into a two-body final state is generated

by the 3P, operator

Z. t > > > >
Osp, = /\V33;0§(3)(P1 = p8Y(p, - P)
spectat;;quarks

(A3)

where A is the constant ¢gg production amplitude and
Vi = ()L = ppl0O) Y, (Bs = Ba)
o

N N 1
X 83 (p3 — pg)oy (A4)

with the Pauli matrix o and Y,,,(p) = |p|Y,.(D).

In the following we give the final result for the ampli-
tudes characterizing the ) — D, D transitions (2)13S, —
'P,(3P,) + 'S, where only the D-wave contribution (L =
2) is relevant

Tp—s = A8 (Py — Py — Po) D Y, (P)

L,my
X szacefL(,U«, my,, mp)

with

pacen—0 . VR2> |1 2 R?
sz;l;en = IW\/;CY(l - §a>R2P2 eXp(—?PZaz)

JR2°2 1

space,n=1 __ 2
L) Iy |
11 7 2 4
X (Z(X _6(12 - §a3R2P2 + §a4R2P2>
R2
X R>P? exp(— ?Pzaz)
and

Fu( my,, my) = (1100]20)
X1 — w —my, |Lmp)(—)" 8., (AS)
(see also e.g. [S7]). Here L is the relative angular momen-

tum between the final mesons and Jp( is the total spin of
the two final states B and C. The different quark masses of
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the charm mesons are accounted for by the factor a =

. The latter expression (AS5) represents the spin part

m, +m
of the amplitude for a ' P, and 3P, state, respectively
o 2/10
TTET =136 ——(Jpc2mpemy [1my)d, 5,
ngim =13 \/;—<JBcszCmL|1mA>5L 2-

Finally we consider the mixing |D;) = \/§|1P1> + \/%|3P1>,
which leads to

PHYSICAL REVIEW D 82, 054025 (2010)

3 n= spin
=\[§T;P_a§°’ O“)ngl. (A6)

Because of this mixing pattern the D couples via D-wave
only.

We find that the
space n=1 space,n=0
/Ti=

Tspace,n=0(1)+spin
y—D,D

ratio  gp,py'/&p,py =
= 2.15 is independent on the radii R
and couphng strength A, where we evaluated the ampli-
tudes at threshold i.e. P = 0 which is in analogy to the
determination of the nucleon-meson couplings in [54]. The
quark masses m, = 0.33 GeV and m, = 1.6 GeV are
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