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The explanations about pm puzzle are reviewed extensively, and some relevant experimental tests
are also reviewed. Some stress is layed on the S- and D-wave charmonia mixing senario, accoriding
to which the large possible non-DD decay at ¢ could be accommodate. The experimental searches
for such possible existing large non-DD decays at " are recounted with some subtle experiment

treatments.
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I. INTRODUCTION

Crisply defined experimental puzzles in high-energy
physics always have the prospect of leading to new scien-
tific discoveries, one prominent example is the #-7 puz-
zle of 1956 which led to the parity revolution, therefore
puzzles in physics often draw considerable attention to
theorists. The ratio of hadronic ¢’ to J/v¢ decays is such
a puzzle and has attracted attention since 1983.

People once expected 1 decays to hadrons via three
gluon or a single direct photon. In either case, pQCD
can provide a relation [1]
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This relation is referred to as “12% rule” which is ex-
pected to be reasonable for exclusive decay. The “pm puz-
zle” is that the prediction (1) is severely violated in the
pr and several other decay channels. The first evidence
for this effect was presented by Mark-II Collaboration in
1983 [2]. Since then many theoretical explanations have
been put forth to phrase this puzzle.

Recently, with great many of new experiment re-
sults from BESIT and CLEOc for two-body decays,
such as vector-pesudoscalar (V P), vector-tensor (V1)
pesudoscalar-pesudoscalar (PP) and baryon-antibaryon
(BB) modes, and for multi-body decays at .J/i, ' or
even at 9", lots of predictions appeared in previous and
recent papers can be tested with higher accuracy. More-
over, in theoretical explanations for pm puzzle, many en-
lighten ideas have been put forth, which although not
very successful or general, are benefit for our further un-
derstanding the charmonium dynamics. Therefore, in
this paper, we collect as much as possible the informa-
tion involving pm puzzle (sometimes a few relevant idea
are also mentioned), including theoretical speculations or
explanations, and some relevant experimental measure-
ments or results. So far as theoretical papers are con-
cerned, some of them have connections, while some are
very distinctive. However, for understanding, we try to
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present a classification. Simplistically thinking, since the
@-value is small, it may be caused either by increasing
of denominator or decreasing of numerator, or by both
cases. So we classified pertinent explanations and models
into three categories:

1. J/v-enhancement theory, which attribute the small
@-value to the enhanced branching fraction of .J/¢
decay.

2. 1)'-suppression theory, which attribute the small Q-
value to the suppressed branching fraction of v’
decay.

3. the other proposals which are excluded in the first
two categories.

In the following parts of the paper, section II is the re-
view on the theoretical suggestions, and the relevant ex-
perimental results are quoted as test or confirmation on
these suggestions. Section III is devoted to the descrip-
tion of 25- and 1D-wave mixing scenario. The numerical
calculation of charmless decay at " is presented in the
next section, section IV. All experimental details are
contained in section V, and concrete formulas for cross
section calculation are given in the appendix.

II. REVIEW ON MODELS FOR EXPLAINING
THE pr PUZZLE

A. J/y-enhancement theory
1. J/¢-glueball admizture scheme

The glueball concept was originally introduced J/v¢
particles by Freund and Nambu [3] (FN hereafter) to ex-
plain the breaking of OZI rule in vector meson decay
soon after the discovery of J/v particles. They proposed
that such breaking results from the mixing of the w, ¢
and J/¢ mesons with an SU(4)-singlet vector meson O.
They found that the meson O should lie in the 1.4-1.8
GeV/c? mass range with width greater than 40 MeV/c?,
it should decay copiously into pr, K*K and exhibits se-
vere suppression of decays into KK, ete™ and ptp~



modes. Authors presented several quantitative predica-
tions for experimental search, two of them are
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If we use three pions final state as a substitute for pr in
both ¢ [4] and J/¢ [5, 6] decays, we obtain the first
ratio R; =~ 0.003, which almost one order of magni-
tude smaller than the predication. For second ratio,
by virtue of PDG [4] value for KT K~ and new exper-
iment result for K3K? [7], it is reasonable to estimate
B(J/¢ = KK) ~ (107%), together with the results for
pr [5, 6], we have Ry ~ 1072 which is much larger than
the theoretical predication.

The first glueball-relevant explanation for “pn” puzzle
was proposed by Hou and Soni [21] (HS hereafter). They
attributed the enhancement of J/¢» — K*K and J/v —
pr decay modes to a quantum mechanical mixing of the
J/vy with a JPC = 17~ vector gluonium, designated O
as well. The differences between FN’s and HS’s pictures
lie in the following respects:

e Based on potential model for glueball, the mass for
alow-lying three-glue state is estimated to be about
2.4 GeV [22], rather than 1.4 to 1.8 GeV in Ref. [3].

e The mixing of O with ¢’ is taken into account,
which has been ignored previously.

e Since the gauge coupling constant in QCD is mo-
mentum dependent, the mixing parameter is taken
to be a function of the invariant mass ¢2, which
decreases rather sharply with increase in ¢?. So a
suppressed factor of 4 can be introduced for a glue-
ball with mass around 2.4 GeV.

By virtue of their assumption, HS suggested the search
for a vector gluonium state could be carried out using
sources of three glouns occurring in certain hadronic de-
cay of the ¢', such as ' —» 7w+ X, n+ X, n' + X, where
X decays into VP final states [21].

Based on HS’s idea, Brodsky, Lepage, and Tuan [23]
(BLT) provided a refined glueball explanation for “pr”
puzzle. They assume the general validity of the pertur-
bative QCD (pQCD) theorem that total hadron helicity
is conserved in high-momentum-transfer exclusive pro-
cesses, in which case the decays to pr and K*K are for-
bidden for both the J/v and ¢'. This pQCD theorem is
often referred to as the rule of Hadronic Helicity Conser-
vation (HHC) [24], which is built on the underlying as-
sumption of short-range “pointlike” interactions among
the constituents throughout. For instance, J/v(c¢) — 3g
has a short range ~ 1/m, associated with the short time
scale of interaction. Nevertheless, if subsequently the
three gluons were to resonate forming an intermediate

gluonium state O which has large transverse size cover-
ing an extended time period, then HHC would be invalid.
In essence the HS model takes over in this latter stage.

Final states h which can proceed only through the in-
termediate gluonium state satisfy the ratio
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The Qy, is small if the O is close in mass to J/¢. The
experimental limits at that time [2, 23, 25] imply that the
O mass is within 80 MeV of the mass of J/4 and its total
width is less than 160 MeV. Brodsky et al. recommend
a direct way to search for O, that is to scan the eTe™ —
V' P cross section across the .J/1 resonance.

The BES has searched for this hypothetical particle in
a pm scan across the J/i region in ete™ annihilations
as well as in decays ¢’ — 770, O — pm, and found no
evidence for its existence [9, 26]. The data constrains the
mass and width of the O to the range | Mo — M/, |< 80
MeV and 4 MeV < T'o < 50 MeV [27]. So far as the scan
experiment is concerned, Hou [28] think the absence of
distortion in BES energy scan of J/¢) — pr does not
rule out Mo =~ My, but serves to put a lower bound
to 'o. However, as indicated in Ref. [29], the experi-
mentally constrained mass is several hundred MeV lower
than QCD without dynamical quarks [30].

More recently, more experimental facts unfavorable to
this glueball explanation have been reported by BES and
CLEOc. One is the identification of isospin-violating VP
mode ' — wn® with a large branching fraction [10, 11,
16]. This contradicts with the essence of the model that
the pattern of suppression is dependent on the spin-parity
of the final state mesons. In addition, according to BLT’s
analysis, one can obtain the following relation [41]

B(J /Y — wrP)
B(J/¢p — p°7°)

which is much smaller than PDG value 0.1. The other un-
favorite is the finding of suppression of ¢’ decays into vec-
tor plus tensor (VT) final states [18, 19]. Since hadronic
VT decays, unlike the VP decays, conserve HHC, some
other mechanism must be responsible for this suppres-
sion in the model. Furthermore, it has been argued that
the O may also explain why J/v decays to ¢fp (named
previously S*) but not to pag(980) (named previously ¢)
, since the O mixes with the ¢ and enhances a mode that
would be otherwise suppressed [23]. However, the obser-
vation of non-suppressed ¢’ — ¢ fy [27], which implies the
absence of anomalous enhancement in J/¢ — ¢fo, would
rule out such an explanation. Anselmino et al. extended
the idea of J/¢-O mixing to the case of n. -VV and
pp [31]. They suggested that the enhancement of these
decays can be attributed to the presence of a trigluonium
pseudoscalar state with a mass not far from the 7. mass.
So far no experimental data has supported the existence
of such a state.

In fact, as pointed out in Ref. [34], this glueball expla-
nation raises some obvious questions as: (i) Why are only
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the pr and K*K channels affected and not O — 57 etc.
i.e., one must in an ad hoc way assume that the O couples
predominantly to pr and K*K. And (ii) if such a narrow
heavy 17~ gluonium state exists, why have not narrow
07T, 27+ states been seen, which should be lighter and
easier to detect.

2. intrinsic-charm-component scheme

Brodsky and Karliner put forth an explanation for the
puzzle base on the existence of intrinsic charm |ggcé) Fock
components of the light vector mesons [51]. They no-
tice the fact that quantum fluctuations in a QCD bound
state wave function will inevitably produce Fock states
containing heavy quark pairs. The intrinsic heavy quark
pairs are multiconnected to the valence quarks of the
light hadrons, and the wave functions describing these
configurations will have maximal amplitude at minimal
off-shellness and minimal invariant mass. In the case of
the p meson, consider the light-cone Fock representation:

pt = ¢ZE|UE> + 1/1236E|u305) +--

Here we expect the wave function of the c¢é quarks to be
in an S-wave configuration with no nodes in its radial de-
pendence, in order to minimize the kinetic energy of the
charm quarks and thus also minimize the total invariant
mass.

The presence of the |udcg) Fock state in the p will allow
the J/¢ — pm decay to occur simply through rearrange-
ment of the incoming and outgoing quark lines; in fact,
the |udce) Fock state wave function has a good overlap
with the radial and spin |cc) and |ud) wave functions of
the J/¢ and pion. On the other hand, the overlap with
the ¢’ will be suppressed, since the radial wave function
of the n = 2 quarkonium state is orthogonal to the node-
less ¢¢ in the |udce) state of the pr. Similarly, the |usce)
Fock component of the K* will have a favored J/4 K con-
figuration, allowing the J/¢» — K*K decay to also occur
by quark line rearrangement, rather than ¢¢ annihilation.

They also suggested comparing branching fractions for
the 1. and 7 as clues to the importance of 7. intrinsic
charm excitations in the wavefunctions of light hadrons.
However, the observations from BES and CLEOc for
' — wr® would again appear to disfavor this model.

B. ’-suppression theory
1. sequential-fragmentation model

Karl and Roberts have suggested a proposal to explain
the pm puzzle based on the mechanism of sequential quark
pair creation [32]. The main idea is that quark-antiquark
pairs are produced sequentially, as a result of which the
amplitude to produce two mesons in their ground state is
an oscillatory function of the total energy of the system.

They argue that the oscillatory fragmentation probabil-
ity could have a minimum near the mass of ', which
provide a explanation for suppressed ¢’ decay. Even
though their evaluations could generally accommodate
the data for decays of J/1 and 1’ to pr or to K*K, it
gets into trouble when one extrapolates their estimation.
According to their calculation, the oscillations of proba-
bility amplitude are damped out in the region of the T
resonances, so the pm channel is present in the decay of
all T, Y/, Y ... resonances with a common rate. This
leads to a prediction T'(T — pr) = 0.05 keV, or equiva-
lently B(T — pm) = 9.4 x 10~*, which is larger than the
available value B(Y — pm) < 2x10* [4]. Moreover their
calculation seems also hard to explain the large branch-
ing fraction for ¢ decays to pm [4] due to the fact that
their fragmentation probability tends to zero as the mass
of the pm decaying system approaches 1GeV.

In a further analysis [33], Karl and Tuan pointed out if
a suppression is observed into three-meson channels the
explanation based on sequential pair creation would be
undermined. Unfortunately, recently such a suppressed
channel, viz. K K, is found by CLEOc [20].

2. exponential-form-factor model

Guided by suppressed ratios of ¢’ to J/v¢ decays to
two-body hadronic modes, Chaichian and Térnqvist sug-
gested [34] that the hadronic form factors falling ex-
ponentially as described by the overlap of wave func-
tions within a nonrelativistic quark model. This be-
havior explains the drastically suppressed two-body de-
cay rates of ¢’ compared with those of the J/¢¥. Re-
cently, report on observation of a number of ' VP de-
cays [10, 11, 16] such as wn', ¢n’, pn’ have proved the the-
oretically overestimated decay fraction. Moreover, the
branching fraction for wm® from BES and CLEOc [35],
B — wn®) = (2.02 £ 1.40) x 107>, is well below that
predicted by this model, 1.04 x 10~%.

Another shortcoming of the model is that it does not
select out just the VP channel, the other channels, for
example VT, are also estimated to have small branching
fractions which are not compatible with BES measured
results [19].

3. generalized hindered M1 transition model

A so-called generalized hindered M1 transition model
is proposed by Pinsky as a solution for the puzzle [36].
It is argued that because J/¢ — 77 is an allowed M1
transition while ¥’ — 5’ is hindered (in the nonrela-
tivistic limit), using the vector-dominance model to relate
' — 0’ to " = ¢n’ one could find the coupling Gy,
is much smaller than Gy, , and then by analogy, the
coupling G, would be much smaller than G,,,. Here
G ,pr can be extracted from data by virtue of analysis us-
ing the vector-dominance model and a standard param-



eterization of OZI process [37]. The assuming ¢’ — pm
to proceed via ¢'-w’ mixing, which J/¢ — pr via J/1-
w mixing, one would find that ¢’ — pr is much more
severely suppressed than J/¢¥ — pr. The similar esti-
mation could be preformed for K*K and other VP final
state, and one can expect a suppressed Q:

Lot () (GV’VP>2 Fy,
=1.47 =0.06% ,
Liot(¥') \Gvvp ) Fv (0 )
3

where Fy//Fy = 0.3, Gupr/Gupr = 0.066 according
to Ref. [36]. This @ is much smaller than the present
experimental results [10, 11, 16].

Moreover [38], in this model, the coupling G, for
w' — wfs should not be suppressed because by analogy
the coupling Gy yy., is not small due to the fact that the
E1 transition ¢’ — X2 is not hindered. Therefore via
'-w' mixing the ' — W' — wfs decay is expected to be
not suppressed, which contradict BES result [19].

By — VP)
By — VP)

4. Higher-Fock-state scheme

Chen and Braaten (CB) proposed an explanation [29]
for the pm puzzle, arguing that the decay J/¢ — prm is
dominated by a Fock state in which the ¢¢ pair is in a
color-octet S, state which decays via ¢¢ — ¢g, while the
suppression of this decay mode for the v’ is attributed to
a dynamical effect due to the small energy gap between
the mass of the ¢’ and the DD threshold. Using the
BES data on the branching fractions into pr and K*K
as input, they predicted the branching fractions for many
other VP decay modes of the ¢, as listed in Table I,
from which we see most measured values fall in scope of
prediction, but we also notice for wm mode, the deviation
from prediction is obvious.

TABLE I: Predictions and measurements for Qv p in unit of
1% for all VP final states. The value for pr and K*°K" + c.c.
from Ref. [52] were used as input. The theoretical parameter
x = 0.64 is due to results of Ref. [53] and experimental results
come from Ref. [10-12, 54].

\%A 5 xz = 0.64 Exp.
pm 0—025 0.13%0.03
K*°KO 4 ¢cec 1.2—-3.0 3.2+0.08
K*tK~ +cc. 0—0.36 0.59732%0

wn 0-16 < 2.0
wn' 12 — 55 19t}§
on 04-30 51+19
on' 0.5-22 94+48
on 14-22 92758
o’ 12-20 17.8%19
wm 11-17 44738

In addition, CB’s proposal also has implications for
the angular distributions for two-body decay modes. In
general, the angular distribution have the form 1+« cos ¥,

with —1 < a < +1. CB’s conclusion imply that the
parameter « for any two-body decay of the ¢’ should be
less than or equal to the « for the corresponding .J/1
decays. But it seem not support from recently BESII
results for pp decay measurements.

5. Survival-chamonia-amplitude erplanation

A model put forward by Gérald and Weyers enter-
tains the assumption that the three-gluon annihilation
amplitude and the QED amplitude add incoherently in
all channels in J/1 decays into light hadrons, while in the
case of ¢’ decays the dominant QCD annihilation ampli-
tude is not into three gluons, but into a specific config-
uration of five gluons [56]. More precisely, they suggest
that the strong annihilation of the ¢’ into light hadrons
is a two step process: in the first step the 1)’ goes into two
gluons in a 07 or 0~ state and an off shell h.(3526); in
the second step the off shell h. annihilate into three glu-
ons to produce light hadrons. Their argument implies:
(a) to leading order there is no strong decay amplitude
for the processes 1)’ — pm and ' — K*K; (b) the 12 %
rule should hold for hadronic processes which take place
via the QED amplitude only. As far as the second im-
plication is concerned, the present data give different ra-
tio between ¢’ and J/1 decay for wn’ and 7T 7~ final
states, both of which are electromagnetic process. Here
even form factor effect is taken into account [57], the dif-
ference between two kinds of process is still obvious. Be-
sides the explanation for pm puzzle, this model predicts
a sizable ¢' — (77~ or n)hy(1170) branching fraction.
Indeed the BES has performed extensive analysis of de-
cays ¢' — wmpm to look for new particles; however, it
is unlikely that a conclusive signal for h;(1170) has ever
been observed in the inclusive spectrum of ¢’ decays to
mrpm [26].

In a recent paper, Artoisenet, Gérard and Weyers
(AGW) update and sharpen the above idea which lead
to a somewhat unconventional point of view: all non-
electromagnetic hadronic decays of the v’ goes via a tran-
sition amplitude which contain a c¢ pair. AGW provide
two patterns for these two-step decays, the first is

Y' — (2NPyg) + (39) - (4)

The physics picture is as follows: the excited c¢¢ pair in the
1" does not annihilate directly instead, spits out two non-
perturbative gluons (2NPg) and survives in a lower c¢
configuration (17~ or 177) which then eventually anni-
hilate into 3¢g. The decays ¢’ — (27)J /¢ and o' — n.J/¢
follow this pattern. The second pattern is

Y' — (3NPg) + (29) , (5)

where the lower ¢¢ configuration (0~1 or 07 1) annihilate
into 2g. The only on-shell channel for this type of decays
is ¢" = (3m)n., whose branching fraction is estimated as
(1 —2)% level. This is an important prediction worthy



of experimental searching. Furthermore, the substitution
of one photon for one gluon in Egs. (4) and (5) allows

Y' — (2NPg) + (29) + 7 . (6)

This pattern corresponds to on-shell radiative decays
such as ¢/ — (7777 )n.y and ¢" — nn.y, which could
be larger than the observed ¢’ — 1.y mode.

Besides above predication, AGW also estimate

By — bin)
B(l/]l — hlﬂ'o)
B(J/¢ — bin)

All these wait for further experimental tests.

(1.3£0.3) x 1073, (
(1.9+0.4) x 1072,
By — bin) =~ 1% . (9)
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6. Charm-mizing scheme

To explain the large T'.e of ¥(3770), it is once sug-
gested [59, 60] that the mass eigenstates ¢’ and ¢ are
the mixtures of the S- and D-wave of charmonia, namely
$(235;) state and (12 Dy ) state. Following this thought,
Rosner proposed that such mixing gives possible solution
to the pm puzzle [61]. By virtue of his scheme

(prc|yp"y = (pm|23S1) cos@ — (pm|13D1) sinf , 10
(o) = (pm]2S1) sin @ + (pr[12Dy) cosp, (10
where 6 is the mixing angle between pure 1(23S5;) and
¥ (13Dy) states. If the mixing and coupling of ¢’ and
" lead to complete cancellation of ¢’ — pm decay
({pm|y)') = 0), the missing pr decay mode of ' shows
up instead as decay mode of 9", enhanced by the factor
1/sin? @, concrete estimation shows that [61]

By 3770)=spr = (4.1+1.4) x 1074,

this corresponds to a large decay width in ¢”, and could
be observed easily in ¢" data. However, Wang, Yuan
and Mo (WYM) pointed out [62] that for eTe™ collider
the continuum contribution must be taken into account
carefully. In the section III, we give more detailed de-
scription about this model.

C. Other explanations
1. final state interaction scheme

Li, Bugg and Zou [39] pointed out that final state in-
teractions (FSI) in J/¢ and ¢’ decays give rise to effects
which are of the same order as the tree level amplitudes,
and may be a possible explanation for all the observed
suppressed modes of ' decays including pr, K*K and
w fa. They thus predicted qualitatively large production
rates of a;p and KiK' for ', the verification of which
may give further support to their model. So far, no such
measurements have been reported. Nevertheless, useful

information on a;p and KK~ could be obtained from
BES published data as shown in Refs. [17] and [19]. The
lack of evidence within the invariant mass distribution
plots (see Fig.3 and Fig.5 of Ref. [17] or Ref. [19]) that
the pm recoiled against a p for events of ¥ — pOpnT
and that 7 KT recoiled against a K*° for events of
' — atn~KTK~ suggests that they are unlikely to
be the favored modes in 1’ decays.

2. large phase scheme

Suzuki supplied another version of FSI to understand
J/1¢ decay [41]. He performed a detailed amplitude anal-
ysis for J/ip — VP decay to test whether or not the
short-distance FSI dominates over the long-distance FSI
in the J/v decay. His result indicates that there is a
large phase between three-gluon and one-photon ampli-
tudes. Since the large phase cannot be produced with the
perturbative QCD interaction, the source of it must be
in the long-distance part of strong interaction, namely,
rescattering among hadrons in their inelastic energy re-
gion. Suzuki then performed the similar analysis for
J/v¥ — PP decay, also obtain the large phase results [42].
His analysis also shows that the exclusive decay ratio at
J/1 is in line with that of inclusive decay. This fact leads
him to believe that the origin of the relative suppression
of ' - VP to J/¢p - VP is not in J/¢ but in ¢'.

Here more words about large phase. So far as the
source of large phase, besides Suzuki’s explanation, in
Ref. [56], Gerard argued that this phase follows from
the orthogonality of three-gluon and one-photon virtual
processes. In addition, there are many analyses results
favorite the large phase conclusion in J/¢ decay for a
variety of decay modes, such as 1707(90°) [43], 170~
(106 £10)° [44, 45], 1717 (138 £ 37)° [42, 45, 78], 070~
(89.6 £9.9)° [42, 45, 78] and NN (89 £ 15)° [45, 46].

Nevertheless, when extend the large phase analysis to
1" decay, the experimental data at first seemed to favor a
small phase [43], in contrary to the expectation that the
decay of J/¢ and v’ should not be much different. How-
ever, as pointed out by Wang et al. [49] that if the contin-
uum one-photon process is taken into account, the phase
with value around —90° could fit ' — VP data [49]
and £90° could fit ¢ — PP data [50] final states. Fur-
thermore, this large phase also shows in the OZI sup-
pressed decay modes of 1", In many decays modes of )",
the strong decay amplitudes have comparable strenght as
the non-resonance continuum amplitude, the large phase
around —90° leads to destructive or constructive interfer-
ence. Due to destructive interference, the observed cross
sections of some modes at the peak of ¢" are smaller
than the cross section measured off resonance [62]. This
is demonstrated by the data from CLEO [81].

Although the present analysis supports the large phase
postulation, which is important for understanding of .7/
and ¢’ decay, the relation between J/v and 1)’ decay still
remains as a puzzle.



3. mass reduction explanation

In the study [55] of radiative decays of 17~ quarkon-
imu into n and 7', Ma presented a QCD-factorization
approach, with which he obtained theoretical predictions
in consistency with CLEOc measurement. The largest
possible uncertainties in analysis are from the relativis-
tic corrections for the value of the charm quark mass.
Ma argue that the effect of the these uncertainties can
be reduced by using quarkonium masses instead of using
quark mass. As an example of such reduction, he provide
a modified relation to the original 12% rule

0, B(J/y — pr) M5, B(JJp — eter)
me B = pm) Mj, By — eter)
— (3.6 +£0.6)% .

However, this value is much larger than experimental
analysis result given in Table I.

4. vector-meson-mizing model

Intending to give a comprehensive description of the
¥" two-body decay, Clavelli and Intemann (CI) proposed
a vector-meson-mixing model in which the vector mesons
(p, w,d ,J/1) are regarded as being admixture of light-
and charmed-quark-antiquark state. The coupling of .J/v¢
to any state of light quarks is then related to the corre-
sponding coupling of p, w, and ¢ to the same state. With
few experiment inputs to determine the mixing parame-
ters, CI calculate V P, PP, and BB decay rates for J/1
as a function of the pseudoscalar mixing angle. Most of
predictions agree with experiment results at the order
of magnitude level, but discrepancy is obvious for some
channels, such as K3K? final state [7]. CI also extended
their model to the hadronic decays of v)'. Nevertheless,
their evaluation for B(J/¢Yp — wn®) = 3 x 107° and
B(y)' — wn®) = 3 x 1073 contradict with present results
(4.240.6) x 10~* [4] and (1.871083 +0.28) x 10~* [11],
respectively.

Starting from effective Lagrangian whereby nonet-
symmetry breaking and pseudoscalar-meson mixing can
be studied, Haber and Perrier wrote down a systematic
parameterization forms for decay modes of J/¢ — PP
(also for J/¢p - VV or n. — VP), J/vp —» VP (also
for J/¢p - VT or . —» VV), J/vbp - PPP (also for
J/Yp - VVP or n. - PPV), and 5. — PPP (also for
J/¢p - PPV or n. - VV P) [67]. The experiment data
can be used to determine the phenomenological param-
eters which describe the properties of various mesonic
decays and helpful to understand the low-energy hadron
dynamics. In a further work, Seiden, Sadrozinski and
Haber take the doubly Okubo-Zweig-lizuka suppression
(DOZI) effect into consideration, and presented a more
general parameterization of amplitudes for J/¢ — PP

decay [68]. With this form, one could easily derivative
the relative decay strength between different final state.

A similar parameterization with mixing feature of
the strong interaction mechanism is proposed by Feld-
mann and Kroll (FK) [69] for the hadron-helicity non-
conserving J/v and ¢' decays, but with a different inter-
pretation from those put forth in Refs. [29, 40, 53, 68].
FK assume that with a small probability, the charmo-
nium possesses Fock components built from light quarks
only. Through these Fock components the charmonium
state decays by a soft mechanism which is modeled by
J/1-w-¢ mixing and subsequent w (or ¢) decay into
the V P state. In absence of the leading-twist perturba-
tive QCD contribution, dominant mechanism is supple-
mented by the electromagnetic decay contribution and
DOZI violating contribution. FK argue that this mech-
anism can probes the charmonium wave function at all
quark-antiquark separations and feels the difference be-
tween a 1S and a 2S radial wave function. The node
in the latter is supposed to lead to a strong suppres-
sion of the mechanism in the ¢’ decays. With a few
parameters, adjusted to experiment, FK obtained a nu-
merical description of the branching fractions for many
VP decay modes of the J/¢ and ', which agree with
measured branching fractions at the order of magnitude
level. Moreover, FK has extended their mixing approach
to the n. — V'V decays and obtained a reasonable de-
scription of the branching fractions for these decays while
the . — V'V decays are expected to be strongly sup-
pressed.

D. Comment

From the above review we see that essentially none of
the models are able to explain all known experimental
results; not a few models appear to have more assump-
tions than predictions, not to mention quantitative pre-
dictions. While the current data seem to rule out con-
vincingly some of the models, a few other models may
warrant further consideration; for them both detailed
theoretical analyses and additional experimental tests are
demanded.

From the above review we might also notice that
phenomenological models such as Feldmann and Kroll
model, could usually provide more and reasonable pre-
dictions comparing with those mainly starting from gen-
eral principle discussions. The reason is actually simple
since (i) QCD is too general to accommodate the special
calculating technique for certain decay mode; and (ii) the
nonperturbative effect is too complex and too unclear to
be treated strictly for the time being. Therefore, the phe-
nomenological analysis is more welcome now because (i)
it could provide an empirical understanding for present
experimental results and direct for further experiment
measurement or searching; and (ii) it could provide a
solid foundation for further theoretical exploration.

Hereafter, we are to discuss the Rosner’s mixing model



in more details. So far as this model is concerned, we
think, as other phenomenological model, it could provide
some predictions for immediate experimental test and it
also connects the J/v, ¢, and ¢" together, and intend
giving a universal description for charmonium decay.

III. 12% RULE AND 2S5-1D MIXING

As pointed out in section I, from the pQCD, it is ex-
pected that both J/¢ and ¢’ decaying into light hadrons
are dominated by the annihilation of c¢ into three gluons,
with widths proportional to the square of the wave func-
tion at the origin |¥(0)|? [1]. This yields the pQCD 12%
rule between ¢ and J/t¢ decay to the same final states,
as shown in Eq. (1). The violation of this rule was first
observed in pr and K** K~ + c.c. modes by Mark-II [2].
Since then BES-I, BES-II and CLEOc have measured
many two-body decay modes of ¢’ [5]-[14]. Among them,
some obey the rule, like baryon-antibaryon (BB) modes,
while others are either suppressed in ' decays, like
vector-pseudoscalar (VP) and vector-tensor (VT) modes,
or enhanced, like K3K?. There have been many theo-
retical efforts trying to solve the puzzle as we reviewed in
section II. Among them, the 25-1D charmonia mixing
scenario [61] predicts with little uncertainty B(¢" — pr)
which agrees with experimental data [62, 70].

In S- and D-wave charmonia mixing scheme, the mass
eigenstates ¢’ and " are the mixtures of the S- and
D-wave charmonia, namely

[y = |25S;) cosf — |12D;) sinf
|9y =|2351) sinf + |[13D;) cos 6 ,

where 6 is the mixing angle between pure 1(235;) and
(123 Dy) states and is fitted from the leptonic widths of
Y" and ¢’ to be either (—27 £ 2)° or (12 £2)° [61]. The
latter value of € is consistent with the coupled channel
estimates [597 ] as well as the ratio between ¢’ and
¢" partial widths to J/y7T7~ [60]. Hereafter, the cal-
culations and discussions in this paper are solely for the
mixing angle § = 12° [71].

As in the discussion of Ref. [61], since both hadronic
and leptonic decay rates are proportional to the square
of the wave function at the origin, it is expected that if
Y' is a pure 1(235]) state, then for any hadronic final
states f,

T — ete)

F(¢I—>f):F(J/¢—>f)W .

(11)

The electronic partial width of .J/4 is expressed in po-
tential model by [77]

with o the QED fine structure constant, e = 2/3, M/,
the J/1 mass and R;5(0) the radial 13S; wave function
at the origin.

Since 1)’ is not a pure 1(23S5)) state, its electronic par-
tial width is expressed as [61]
4a’e?

2
My,

Iy =wete) =

5 ’
X |CcOoS BRQS (0) — m sin 0R’1ID (0) )

with My the ¢’ mass, m. the c-quark mass, R»s(0)
the radial 2°S; wave function at the origin and R (0)
the second derivative of the radial 13D; wave function
at the origin. In the calculations in this paper, we
take Rys(0) = 0.734 GeV?3/2 and 5RY(0)/(2v2m?) =
0.095 GeV?/2 from Refs. [61, 72].

If Eq. (11) holds for a pure 28 state, "' — f, ¢' — f
and J/¢ — f partial widths are to be [63]

W' —f) = ]\55 |sin @ Rys(0) +ncos9|2,

/d)II
C
LW —f) = ’; |cos O R2s(0) — nsin 6],
Md)’
_ G 2
LU= = gp— [BisO), (12)
/Y
where Cy is a common factor for the final state f, My»
the 1" mass, and n = |p|e’® is a complex parameter
with ¢ being the relative phase between (f|12D;) and
(f12°S1).

From Eq. (12), it is obvious that with T'(J/¢¥ — f)
and ['(¢" — f) known, two of the three parameters, Cy
and complex 7, can be fixed, thus can be used to predict
[(y" — f) with only one unknown parameter, say, the
phase of 1. Thus the S- and D-wave mixing scenario
provides a mathematical scheme to calculate the partial
width of ¥ decay to any exclusive final state, with its
measured partial widths in J/¢ and ¢’ decays.

However, the current information concerning the '’
decay is extremely limited, which prevents us from esti-
mating @5, values for most exclusive decay modes. Ta-
ble II lists some hadronic final states which are measured
both in J/v¢ and ¢’ decays, together with the calculated
Q1 defined in Eq. (1). Summing up all the channels in
Table IT makes less than 2% of the ¢’ decay through ggg
annihilation.

From Table II, we notice that compared with the 12%
rule, the ¢’ decays to

1. the pseudoscalar-pseudoscalar (PP) mode K2K? is
enhanced;

2. the VP and VT modes are suppressed;
3. most of the BB modes are consistent with it.

The summed branching fractions and @, values for these
three categories of decay modes are evaluated and also
listed in Table II. In estimating the charmless decays of
"', we shall discuss these three different cases separately.



TABLE II: Branching fractions and @, values for some J/v¢ and ¢(2S) decay channels.

Modes Channels By (107%) By2s)(107%) Qn (%) Ref.
070~ 070" 0.147 4 0.023 0.8+0.5 54 + 35 [4]
KtK~ 0.237 & 0.031 1.0+0.7 42 4+ 30 [4]
KYK? 0.182 £0.014 0.52 £0.07 28.8 +£3.7 [7, 8]
sum PP 0.57 £0.07 2.32+1.27 41.1+£228
170 pr 12.74+0.9 0.29 +0.07 0.23 +0.6 [10, 15]
KYK™(892)" +c.c. 50404 0.1540.08 0.3+£0.2
K°K"(892)° + c.c. 42404 1.10+0.20 2.6+0.5
wm® 0.42 +0.06 0.20 % 0.06 48+1.6
172% wf2(1270) 4.3+0.6 2.05 +0.56 48+1.5 [19]
pas 10.9 4+ 2.2 2.55 +0.87 23+1.0
K*(892)°K5(1430)° + c.c. 6.7+£2.6 1.86 & 0.54 28+1.3
¢ f5(1525) 1.23+0.21 0.44 +0.16 36+1.4
sum VP& VT 45.45 +7.37 8.64 +2.54 1.90 & 0.64
BB P 2.1240.10 2.07 +£0.31 9.8 +1.5 [4]
AA 1.30 £0.12 1.814+0.34 13.94+2.9
2%’ 1.274£0.17 1.240.6 9.44+4.9
¥(1385)*5(1385)F 1.03+0.13 11404 10.7 £ 4.1
=) 1.84+0.4 1.88 & 0.62t 10.4 + 4.2
ATTATT 1.10 +0.29 1.28 £0.35 11.6 +£4.4
sum BB 8.62 +1.21 9.34 +2.62 10.8 +3.4

Note: } simple normalization by === (1/2)=E.

Since the experimental information on the exclusive
decays of ¢’ is rather limited, we turn to inclusive
branching fractions of J/v and ' hadronic decays as
an alternative. The estimation is based on the assump-
tion that the decays of J/¢ and %' in the lowest or-
der of QCD are classified into hadronic decays (ggg),
electromagnetic decays (v*), radiative decays into light
hadrons (ygg), and transition to lower mass charmo-
nium states (c¢X) [73, 78]. Thus, using the relation
B(ggg) + B(vgg) + B(y*) + B(ccX) = 1, one can derive
B(ggg) + B(vgg) by subtracting B(v*) and B(ceX) from
unity.

The calculated values of B(y*) and B(ceX), together
with the values used to calculate them are summarized in
Table III. As regards to ', two final states yn(2S) and
h.(1' Py)+ X with faint branching fractions are neglected
in our calculation. By deducting the contributions B(y*)
and B(ceX), we find that B(J/¢Y — ggg9) + B(J/v —
vg99) = (73.5+£0.6)% and B(y' — ggg) + B(¢' — vg9) =
(19.1 £+ 2.5)%, then the ratio of them is

_ B’ = 999 +799)
B(J/¥ — 999 +v99)

The above estimation is consistent with the previous
ones [43, 73]. The relation between the decay rates of
ggg and ~ygg is readily calculated in pQCD to the first
order as [74]

Qg

=(260+£35%. (13)

I(J/p = vg99) 16« 0%
L(J/1 — gg99) 5 as(m.) (1 295 )

Using as(m.) = 0.28, one can estimate the ratio to be

0.062. A similar relation can be deduced for the ¢’ de-
cays. So we obtain B(J/¢ — ggg) ~ (69.2 £ 0.6)% and
B — ggg) ~ (18.0 £ 2.4)%, while the “26.0% ratio” in
Eq. (13) stands well for both ggg and vgg. Although @,
is considerably enhanced relative to @, in Eq. (1), it co-
incides with the ratio for the K2K? decay mode between
¢" and J/, which is

Qroxe = (288 £3.7)% , (14)

according to the recent results from BES [7, 8]. The re-
lation in Eq. (13) was discussed in the literature as the
hadronic excess in ¢’ decay [43, 73]. It implicates that
while some modes are suppressed in 1)’ decays, the dom-
inant part of ¢’ through ggg decays is enhanced relative
to the 12% rule prediction in the light of J/v¢ decays.

IV. THE CHARMLESS DECAYS OF ¢

We define the enhancement or suppression factor
as [76]

o) = L0/ 1) DU eve)
D=0 T = ete)
In the 25-1D mixing scheme, for any final state f, its
partial width in " decay can be related to its partial
width in J/v and ¢’ decays by Eq.(12), with an unknown
parameter ¢ which is the phase of 7. This unknown phase
constrains the predicted I'(¢" — f) in a finite range. We
calculate

(15)

Rp =T(" = f)/T(J/¥ = f) (16)



TABLE III: Experimental data on the branching fractions for
J/¢ and ¢’ decays through virtual photon and to lower mass
charmonium states used in this analysis. Most of the data are
taken from PDG [4], except for B(.J/v,¢’ — v* — hadrons),
which are calculated by the product R - B(J/v, ¢ — pTu™),
with R = 2.28 + 0.04 [75]. In estimating the errors of the
sums, the correlations between the channels are considered.

Channel B(J/v) B

~v* — hadrons (13.4%0.33)%  (1.66+0.18)%
ete” (5.9340.10)% (7.5540.31)x10~>
whp” (5.884£0.10)% (7.3 £0.8)x10~*
e (2.8 £0.7)x1073
=X (25.22£0.43)%  (3.43£0.27)%
e (1.3£0.4)%  (2.8£0.6)x10~"
nta= J/p (31.7£1.1)%
w07 J/y (18.84+1.2)%
nJ [y (3.1640.22)%
70T/ (9.64+2.1)x10~*
YXco (8.6+£0.7)%
YXel (8.4+0.8)%
YXc2 (6.4+0.6)%
ccX (1.3£0.9)% (77.4%£2.5)%

as a function of Q(f) and plot it in Fig. 1. In the figure,
the solid contour corresponds to the solution with ¢ = 0;
the dashed one corresponds to the solution with ¢ =
180°; and the hatched area corresponds to the solutions
with ¢ taking other non-zero values.

To make it clear, we discuss the final states in three

situations: Q(f) <1, Q(f) > 1, and Q(f) = 1.

A. Final states with Q(f) <1

If Q(f) < 1, the decay ¢’ — f is suppressed relative
to J/¢ — f. The extreme situation is Q(f) — 0, cor-
responding to the absence of the mode f in ¢’ decays.
This is the case which was assumed for the pr mode in
the original work to solve the pm puzzle by the S- and D-
wave mixing [61]. If Q(f) = 0, the solution of the second
equality of Eq. (12) simply yields 7 = R25(0) cosf/ sinf
which cannot have a non-zero phase, and Rr = 9.2.

Generally, the suppression factor could be different
from zero. Even the pm and other strongly suppressed
VP modes are found in ¢’ decays recently by BESII [15]
and CLEOc [16] with Q(VP) ~ O(102). In this case,
there are two real and positive solutions of 77 as shown in
Fig. 1 corresponding to the maximum and minimum of
their possible partial widths in " decays. The solutions
with n having a non-zero phase yield the values of Rr
between the minimum and maximum limits.

For VT final states, which are measured to have
Q(VT) ~ 1/3, with Eq. (12), we get 2.0 < Rr < 21.6, as
shown in Fig. 1, where the upper and lower limits corre-
spond to two real and positive solutions of 7, the range
is due to the values of n with non-zero phases.
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FIG. 1: Rr versus Q(f). The solid contour corresponds to
¢ = 0; the dashed contour corresponds to ¢ = 180°; and the
hatched area corresponds to ¢ having other non-zero values.
The inset displays the variation of Rr in the vicinity of Q(f) =
1, where the dot-dashed line denotes Rr = 1.

B. Final states with Q(f) > 1

If Q(f) > 1, the decay ¢' — f is enhanced relative to
J/v¥ — f. The extreme situation is Q(f) — oo, corre-

sponding to the complete absence of the final state f in
J/v decays. For

cosOR25(0)
> — 1.06,
Q) cos O Rys(0) — MLmZ sin R/ ,(0)

there are two real solutions of 7, one is positive and the
other negative. From the first equality of Eq. (12), it is
seen that the positive solution leads to the larger Rr. i.e.
larger ['(¢p"" — f) (the solid contour in Fig. 1) while the
negative solution leads to the smaller ['(¢" — f) (the
dashed contour in Fig. 1).

For the known enhanced mode in ¢’ decays like KK 9,
Q(K2K?) = 2.26, we find 1.4 < Rr < 52.5, which cor-
responds to the " decay partial width from 0.024 to
0.87 keV.

It should be noted that for finite T'(¢)' — f), Q(f) —
oo means the diminishing of I'(.J/¢ — f), which gives
rise to Rp — oo according to the definition of Rp in
Eq.(16). Under such circumstance, it is more intuitive to
calculate

Rp =T(®" = f)/T@ = f).

Its variation as a function of Q(f) is shown in Fig. 2. As
Q(f) — oo, the solid and dashed contours converge into
the same point (R — 21). In such case S-wave state
does not decay to f, but D-wave does. Its partial width
in ¢’ and ¢" decays comes solely from the contribution
of i, or the D-wave matrix element.
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FIG. 2: Ry versus Q(f). The solid contour corresponds to
¢ = 0; dashed contour corresponds to ¢ = 180°; and the
hatched area corresponds to ¢ having other non-zero values.

C. Final states with Q(f) =1

These final states observe the 12% rule in .J/¢ and
1! decays. In this case, apparently one solution is
identical to the pure electromagnetic decays, with n =
5R!,(0)/(2v/2m?2) and Rr = 0.048. As in the leptonic
decays, their partial widths in ¢"” decays are small rela-
tive to the partial widths in J/v decays. However, there
are also other solutions with overwhelming contribution
from n which lead to very large partial widths in " de-
cays. This can be seen from Fig. 1 at the point with
Q(f) = 1. We get the maximum of Rr of 34.0 which
corresponds to another real and positive value of 7. If 5
has a non-zero phase, then 0.048 < Rr < 34.0.

D. Numerical results

From Fig. 1, we see that except in the range 0.52 <
Q(f) < 2.06 and a small range of the phase, Rr is always
greater than 1. This range excludes virtually all known
decay modes except BB which has Q(BB) ~ 1. Even
inside this range, there are other solutions by which Rp
(or Ry) is at O(10). It means in this scenario, contrary
to the naive guess, the charmless decay width of ¢ is
greater than that of J/v¢ or ¢'. More surprising is that
Rr could be as large as a few tens for the final states with
Q(f) > 1. In general, the final states which are enhanced
in ¢’ decays possibly have a large combined partial width
in 9" decays, especially if the phase of 7 is zero or very
small.

There are reasons to assume that the phase ¢ which is
between the matrix elements (f|2S) and (f|1D) should
be small [63]. For the decay mode like pm, since there
is almost complete cancellation between cos fRys(0) and

nsinf so that (pr|y') = cos@R25(0) — nsinf ~ 0, the
phase of n must be small. If this is to be extrapolated to
all final states, the physics solution will follow the solid
contour of Fig. 1. Another argument comes from the
universal phase between the strong and electromagnetic
amplitudes of the charmonium decays. It has been known
that in the two-body decays of .J/¢, the phase between
the strong and electromagnetic amplitudes is universally
around 90° [43, 78]. Recently, it has been found that this
phase is also consistent with the experimental data of 1’
and ¢" decays [50, 62]. Since there is no extra phase
between 25 and 1D matrix elements due to electromag-
netic interaction, as in the calculations of the leptonic
decay rates of ¢’ and ", the universal phase between
the strong and electromagnetic interactions implies there
is no extra phase between the two matrix elements due
to the strong interaction too, i.e. ¢ ~ 0. This conclusion
means, for the modes which are enhanced in 1)’ decays,
their partial widths in 4" decay must be greater than
those in J/v or ¢’ decays by more than an order of mag-
nitude.

In Sect. III, we estimate that B(J/¢ — ggg) =~
(69.2+0.6)% while B(¢)' = ggg) ~ (18.0+2.4)%. Among
the final states, we know that VP and VT modes have
Q(f) < 1. For them,

S B(J/¢ — VP, VT)
S B(y' — VP, VT)

Furthermore, there are final states with Q(f) ~ 1 (such
as BB), for them,

> B(J/4 — BB)
> B(¢' — BB)

After subtracting the final states which are known to have
Q(f) < 1 and Q(f) =~ 1, the remaining 63.8% of J/v
decay with a total width of I'(J/¢ — r.f.s.) ~ 58.1 keV,
and 17.8% of ¢’ decays with a total width of T'(¢)' —
r.f.s.) = 50.1 keV which are gluonic either has Q(f) > 1
or (f) unknown. Here r.f.s. stands for the remaining
final states. On the average, these final states have

Q(r.f.s.) = 2.19.

This is roughly comparable to Q(K3KY) = 2.26.

If there is no extra phase between 2S and 1D matrix
elements as argued above, then Rr takes the maximum
possible value with Rp & 51.6 for Q(r.f.s.) =~ 2.19. With
this value, we find I'(¢" — r.f.s.) = Rp x I'(J/¢y —
r.f.s.) & 3.0 MeV for the partial width of these remaining
final states in ¢ decays, which is 13% of the total "
width.

The above calculation takes the averaged Q(f) for the
final states with Q(f) > 1 and Q(f) unknown, so it
merely serves as a rough estimation. The exact value
of the partial width should be the sum of the individual
final states which in general have various Q(f) values.
At present a major impediment to do the accurate evalu-
ation is the lack of experimental information. Neverthe-
less, if we take 13% as charmless decays (the calculations

4.6% ,
8.6 x 104 .
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~
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9.3 x 104 .
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done channel by channel for VP, VT and BB modes in
Table II give a summed maximum possible width of 93
keV in 4" decays, or 0.4% of the ¢)" total width) together
with the charmonium transition contributions of 3% [76]
(2.5% for radiative transition and 0.4% for nn.J/4), we
obtain a maximum of )" non-DD decay branching frac-
tion of 16% in the 25-1D mixing scenario to be compared
with 18% as summarized in Ref. [76].

V. MEASUREMENT NON-DD DECAYS AT ¢"

A. Introduction

The lowest charmonium resonance above the charmed
particle production threshold is ¢" which provides a rich
source of DYD% and Dt D~ pairs, as anticipated theo-
retically [59]. However, non-DD decays of the 1" was
also expected theoretically and was searched for exper-
imentally almost two decades ago. The OZI violation
mechanism [79] was utilized to understand the possibil-
ity of the non-DD decays of the ¢"" [80], and the pioneer
experimental investigations of the non-DD decay modes
could be found in Ref. [70].

After a period of silence, the study of the non-DD de-
cays of the )" gets renaissance as more and more data are
collected at " by BES-II and CLEOc. Extensive stud-
ies have been made for exclusive non-DD decay chan-
nels [11-14, 81-83], of which the most prominent one is
the hadronic transition of 1" — J/¢r 7~ once sought
by Mark-IIT [70]. Recently both BES and CLEOc col-
laborations reported their measurements for this chan-
nel [84, 85], which are in marginally agreement with each
other. However, except for J/¢nt 7~ final state, no sta-
tistically significant signals of the non-DD decays at ¢
are presented up till now. One possible reason is that the
existing data samples are still not large enough to search
for the channels of such small branching fractions.

Besides the searches for the exclusive modes, there is
the search for inclusive decays. In fact, the indication
of a substantial non-DD decays of the 1" was originally
caught attention from the comparison of the cross sec-
tions of the inclusive hadrons and DD at the " peak.
Table IV summarizes the measurements of the resonance
parameters and the observed cross section of the inclusive
hadronic decay, and Table V summarizes the measure-
ments of the DD cross section reported by BES-II [86]
and CLEOc [87] collaborations using either double-tag
or single-tag method. The simple average of the values
in the two tables gives 0°%(¢"") ~ 7.75 nb and o(DD) ~
6.27 nb, respectively, with difference of about 1.5 nb
(about 19% of the total cross section of the " pro-
duction), which implies the non-DD decays of the ¢
is important. However, the existence of substantial non-
DD decays is not unambiguous due to the poor statistics
of the data samples and the complexity of the analy-
sis. In addition, results from different experiments are
consistent with each other only marginally. Moreover,

for inclusive measurement, the contribution of the non-
DD decays has been neglected in previous experiments
in measuring the " resonance parameters.

Besides the experimental motivations, there are inter-
ests to look into this problem from the theoretical point
of view. In Ref. [76], it is estimated that at most 600 keV
(~ 2.5%) of the 9" total width of (23.6+2.7) MeV is due
to the radiative transition, and perhaps as much as an-
other 100 keV (~ 0.4%) is due to the hadronic transition
to J/ymm. All these together are far from accounting for
a deficit of 19% of the total ¢" width.

In a most recent paper [64] (refer to section IV of this
paper), based on the available experimental information
of J/¢ and ¢' decays, it is estimated that the charmless
decay of " by virtue of the S- and D-wave charmo-
nia mixing scheme [61] could be as large as 3.1 MeV or
13% of the total decay width of ¢"". By charmless decay,
we exclude those decay modes with either open or hid-
den charm. If we take into account also the charmonium
transition contributions of 3% [76] (2.5% for radiative
transition and 0.34% for J/vmr), the total non-DD de-
cay of " as large as 16% is conceivable in the 25-1D
mixing scenario. In addition, there are some estimations
for exclusive ¥" decay, such as Refs. [63, 947 ]. All of
these wait experimental test or confirmation. With the
expected more data at ¢" from the running CLEOc, it is
feasible to search for the possible large non-DD decays.
Furthermore, we notice that the accurate determination
of certain exclusive final state can supply the knowledge
of the phase between the S-wave and D-wave matrix el-
ements (refer to section IIT of this paper). Such informa-
tion can provide some clues concerning the dynamics of
the OZI suppressed decays of charmonium.

In this section, we concentrate on the experimental
aspects of the non-DD decays of the " in ete™ col-
lider. In the following text, we discuss the exclusive, the
quasi-inclusive and the inclusive methods for the non-DD
searching, especially, we shall expound some of the tech-
nique details in the handling of the experimental data
which were overlooked in previous measurements.

B. Exclusive method

The calculations in section IV show that those final
states which are suppressed in ¢’ decays relative to J/v,
and especially those ones enhanced in v’ decays, will
show up in 9" decays with maximum possible partial
widths more than an order of magnitude greater than
their widths in J/¢ or ¢’ decays. So these exclusive
charmless modes should be searched for in " decays.
This provides direct test of the calculations based on the
2S5-1D mixing scheme. Here we discuss three typical ex-
clusive modes: VP mode which is suppressed in ' de-
cays relative to J/¢, PP mode which is enhanced, and
of particular interest, the BB and ¢f,(980) modes which
observe the 12% rule.

To measure the exclusive VP mode in 4" decays by



TABLE IV: Resonance parameters and the total cross section of the ¢ at the resonance peak. Iy~ is the full width, T'ec the
partial width to eletron pairs, c°*° the observed cross section, Ryiqt the value to describe the continuum contribution, o®°"" the
Born order cross section of the ¢". It should be noticed that in evaluating the uncertainty of 0°"", the correlations between
the errors are not included.

Experiment/ My Tyn Tee oobs Riiat gBorn oobs
Accelorator (MeV/c?) (MeV/c?) (eV/c?) (nb) (nb) gBorn
LGW/SPEAR [88] 3772 +6 28 +5 370 £ 90 103 £2.1 ~ 2.8 13.6 £4.1 0.75
DELCO/SPEAR [89] 3770 £ 6 24+5 180 % 60 ~ 6.1 ~ 2.5% 7.7+3.0 0.79
MARKII/SPEAR [90] 3764 £5 24+5 276 £ 50 9.3+1.6 2.22 £0.06 11.9+3.3 0.78
CBAL/SPEAR [91] 3768 + 2 34+8 283 £ 70 6.7+ 0.9 2° 8.6 2.9 0.78
BESII/BEPC [92] 3773 £ 1 26 +4 247 + 35 ~ 6.4% 2.44 £0.08 9.8 +2.0 0.65
BESII/BEPC [76, 93] 3772 23.2 — 7.7+1.1 ~ 2.16% 12.1£1.9° 0.64

@ The value estimated from the corresponding figure provided by literature or thesis, only for reference.
b The R is treated as a constant in the fitting.

© Absent values are adopted from PDG for calculating oo™,

TABLE V: Measurement of the cross sections o(DD) = o(ete™ — ¢ — DD), in nb.

Collaboration Vs (GeV) o(DYD") o(D°D’) o(DD)
BESII[36] 3.773 2.56 + 0.08 + 0.26 3.58 + 0.09 + 0.31 6.14 £ 0.12 £ 0.50
CELO [87] 3.773 2.79 £0.0755 04 3.60 £ 0.071397 6.39 £ 0.1073:47

ete™ experiments, the contribution from non-resonance
virtual photon amplitude and its interference with the
resonance must be treated with care. A recent study
on the measurement of 4" — VP in ete™ experiments
shows [62] that with the decay rate predicted by the S-
and D-wave mixing, the interference between the three-
gluon decay amplitude and the continuum one-photon
amplitude leads to very small cross sections for some VP
modes, e.g. pr and K** K~ +c.c., due to the destructive
interference, but much larger cross sections for other VP

-0 ..
modes, e.g. K*°K +c.c. due to the constructive interfer-
ence. In another word, although the branching fractions

of p°7° and K*°FK" differ by only a fraction due to SU(3)
symmetry breaking [67], their production cross sections
in e*e™ collision differ by one to two orders of magnitude.

Among the PP modes, there is the K2K? final state
which decays only through strong interaction and does
not couple to virtual photon [63, 67]. There is no compli-
cation of electromagnetic interaction and the interference
between it and the resonance. So the observed K2K9 in
ete™ experiment is completely from resonance decays.
In the 25-1D mixing scheme, with the BES recently re-
ported K2K?9 branching fractions in J/¢ [7] and ¢’ [§]
decays as inputs, it is estimated [63] (1.2£0.7) x 1076 <
B@" - KIK?) < (3.8 4+ 1.1) x 107> [95]. If there is no
extra phase between (K2K?|23S;) and (K2K?|13D,),
then its branching fraction is at the upper bound. With
17.7 pb~! 9" data, BES has set an upper limit [13], which
is still beyond the sensitivity for testing the above pre-
diction. More precise determination of this branching
fraction is expected from the analysis based on larger
data samples of CLEOc and BES-III.

However, for other PP modes, or more generally other

final states which are enhanced in 1’ decays, in ete™
experiments there is still the complication from the non-
resonance virtual photon amplitude and its interference
with the resonance.

Of particular interest are the final states with Q(f) ~
1. These are the BB modes and the vector-scalar mode
#f0(980) [96]. As discussed in subsection IV C for Q(f) =
1, there are two real and positive solutions with Rp =
0.048 and Rr = 34.0. These two solutions are three
orders of magnitude apart, their branching fractions are
extremely sensitive to the relative phase between the 25
and 1D matrix elements. The BB branching fractions
in J/¢ decays are at O(107%), while ¢£5(980) is (3.2 £+
0.9) x 10~%. If the physics solution of 7 is the larger one
of the two real values, then the BB branching fraction
in " decay would be at O(10~*) and ¢ f (980) would be
4.2 x 1075, which can be observed in the 3" data sample
over 1 fb—1,

A remark is in order here. As a matter of fact, many
subtleties concerning the efficiency determination and
Monte Carlo simulation have to be taken into consider-
ation in order to acquire correct and accurate measure-
ment of the exclusive decay at the 9" peak in eTe™ ex-
periments. A furthermore expound of such measurement
is presented in Ref. [97].

C. Quasi-inclusive method

The exclusive method gives the branching fraction of
each individual charmless decay mode, but provides no
information on the total fraction of the non-DD decays.
In this subsection, we develop a quasi-inclusive method,



by which we can derive the total non-DD decay branch-
ing fraction from the inclusive measurement of certain
particle or final state.

Certain final state f may be produced from the direct
" decays, and /or from the cascade DD decays, as shown
below:

1/]”

NS

DD

f

The following quantities are needed to describe such a
process in detail

e B(y" — f): the total branching fraction of final
state f in " decay;

e B(y)" — DD): the branching fraction of DD in 1"
decays;

e F(DD — f): the branching fraction of final state
f in DD decay;

e B(DD — f): the branching fraction of final state
f from non-DD " decay (direct 9" decays).

So we have the following relation

B(W" = f) = B(" —» DD)-F(DD - f) (17)
+ B(DD — f) .

According to the above relation, in order to find out
B(y" — DD), or equivalently [I — B(y" — DD)], we
need to know B(¢" — f), F(DD — f) and B(DD — f).
So we first discuss how to determine these branching frac-
tions experimentally.

1. Determining F(DD — f)

The D meson decay branching fraction (F;) was orig-
inally measured through the production (op - F;), then
converted into D decay branching fraction (F;) by em-
ploying the cross section op at ¢’ peak [88, 99]. Un-
fortunately, as indicated in Table IV, there are large dis-
crepancies among the measurements of op. Furthermore,
in previous measurements " was assumed solely or sub-
stantially decay into DD, which is questionable. We will
return to this point in detail in section V D.

Twenty years ago, a new technique was developed by
MARK III group [98] to derive the D meson branching
fraction without relying on the measurement of the D-
production cross section. To determine the individual
branching fraction (F;), together with the number of pro-
duced DD pairs (N), the corrected number of single tags

(Si) and double tags (D;;) are employed in a x? mini-
mization fit, using the following expressions:
Si = 2N.7:Zel — 2NE.7:Z.7:]CE§] N
J
p.. — [ 2NFiFje; (i #37),
Y NFiei (i=1j),

where ¢; is the efficiency for reconstructing a single tag
in the ith D decay mode, €;; is the efficiency for recon-
structing a double tag for DD decay mode i and j, and
al ; 1s the efficiency for reconstructing a single tag of mode
¢ while simultaneously reconstructing the entire event
as a double tag of mode i and j. The second term in
the expression for S; removes from the single-tag sample
those tags which also appear in the double-tag sample.
This subtraction leaves the two samples independent and
eliminates the directly correlated errors. Comparing the
number of observed single tag (S;) events with double
tags (D;;) events yields the branching fraction of decay
mode j without referring to the production cross sec-
tion. In practice, the S; serves to determine the relative
branching fractions, while the D;; sets the absolute scale
of the branching fractions.

By virtue of the approach introduced above, we ob-
tain F(DD — f) for a final state f without measuring
production cross section. In fact, any measured results
of F(DD — f) by the approach can be used for the
following analysis even if the results are from different
experimental groups.

2. Determining B(¢" — f) and B(DD — f)

The B(y" — f) is obtained by scan experiments.
Avoiding abstract, we take the inclusive Kg final state
as example to explain the scan process.

Usually at least two scan curves are needed, one is the
inclusive hadron final state, from which we determine the
total decay width of 0" (T';); the other is the inclusive Kg
final state (K g plus anything), from which we determine
the partial decay width of this inclusive mode. The ratio
of these two widths give the branching fraction B(¢" —
Kgs + anything).

At the energy in the vicinity of 1", besides the )"
resonance, there are other cross sections due to the non-
resonance continuum process as well as the tails of the
J/¢ and ', which together account for a large propor-
tion of the measured cross section at the " peak. Ac-
cording to the decay topology, the inclusive hadron events
are divided into two categories, the DD events and the
DD-less final states. Here we coin a word “DD-less fi-
nal states” to depict all the processes which do not go
through D or D, including non-resonance process, tails
of J/+ and ¢', and the non-DD decays of the ¥". By
non-DD decay, we mean the ¢)" decays which do not go
through D or D. Here the correct Monte Carlo simu-
lation deserves special attention. For example, the non-
resonance continuum process can be simulated by Lund



model [100]; while the J/¢, ¢’ tails and DD decay by
the Monte Carlo which describes J/1, ¢' and D decays
respectively [101, 102]. The synthetic hadron efficiency
€had 1S expressed as
Ks K K K

Ks _ €pL "9pL T €pD " 9pD 18

€had = Ks Ks ) (18)
opr, t 9pbp

where € and o denote the efficiencies and the correspond-
ing cross sections, the subscript DL indicates the DD-
less decay, while DD the DD decay, the subscript Kg
represents the inclusive hadron final state containing Kg
particle. However, opr and Ugj% are to be determined
from experiment. Fortunately, according to Eq. (18),
what we need to know is the ratio of opy, to Ug,%, which
could be acquired experimentally as explained below.
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FIG. 3: Ks momentum dEtributions: histogram for inclu-
sive K5 final state from DD decays; dots with error bars for
inclusive K final state from DD-less decays.

Fig. 3 shows the momentum distributions of the inclu-
sive K's events due to the DD (histogram) and the DD-
less (dots with error bar) decays, which are simulated
by DDGEN and Lund generators, respectively. With the
two generators, we obtain the efficiencies epr, and ef.
For the real data sample, its momentum distribution is
the synthetic one of the DD and the DD-less decays
with certain proportion of each. We fit the data distribu-
tion with those of Monte Carlo distributions as shown in
Fig. 3, then obtain the numbers of the observed events of
these two processes, which are denoted as npy, and ngfj.
Utilizing the relation

n = Loe (L: experiment luminosity) ,

we get
K
npL-€pph _ ODL
Xz =% - (19)
Npp €DL  Opp

In short, we determine B(y)" — f) by scan experi-
ment. As to B(DD — f), we notice that in Fig. 3,

most of the momentum from DD decay is less than 1
GeV, so a requirement of the momentum greater than
1.1 GeV eliminates all the DD decay event, while leav-
ing the events from D D-less decay. Using such events, we
obtain another scan curve. Fit this curve together with
the curve of the total inclusive hadrons, we determine
B(DD — f). This process is similar to the determina-
tion of B(1)"" — f), but only one efficiency €py, is needed.

3. Deriving B(y" — DD)

Since B(¢" — f), F(DD — f) and B(DD — f)
are obtained experimentally, by solving Eq. (17), we get
B(y"" — DD), then acquire the non-DD decay branching
fraction [1 — B(y" — DD)].

Next we understand Eq. (17) from physics point of
view. We introduce a new quantity defined as

B(DD — f)
1-B(" — DD)’

F(DD — f) =

which is the ratio of the branching fraction of non—DE
decay for the final state f to that of the total non-DD
decays. Then Eq. (17) reads

B" — f) = B(" — DD) - F(DD — f)
+ [1-B(y" — DD)]- F(DD — f) .

(20)
We chose B()"" — f) as ordinate, and B(y)" — DD)
as abscissa, which varies from 0 to 100%. For certain
final state f, B(¢)" — f) corresponds to the horizontal
line, as shown in Fig. 4, where the shaded band denotes
the uncertainty of B(y)" — f). If B(¢" — DD) = 0,
then B(y" — f) = F(DD — f), which means all
events of final states f coming from non-DD decay; if
B(y" — DD) = 100%, then B(y" — f) = F(DD — f),
which means all events of final states f coming from DD
decay, or equivalently the complete absence of the con-
tribution from non-DD decay. Without losing general-
ity, we assume that F(DD — f) > F(DD — f), then
we obtain an upward line in the coordinate, as shown
in Fig. 4. Similarly, if we assume that F(DD — f) <
F(DD — f), we obtain a downward line in the coor-
dinate. The point of interaction gives rise to the de-
termination of B(¢" — DD), which is denoted by the
arrow in Fig. 4. The hatched area indicates the uncer-
tainty of B(" — DD), which is due to the interaction
of the askew line with the uncertain band of B(¢)" — f).
Here we notice that the smaller the slope of askew line in
Fig. 4, the longer is the interaction line with the uncer-
tainty band, which means the larger uncertainty in the
determination of B(¢"" — DD). On the contrary, if the
slope of the askew line is larger, we obtain comparatively
smaller uncertainty on B(1)" — DD). In another word,
to obtain B(y)" — DD) as accurate as possible, we se-
lect those final states which have as large as possible the

difference between F(DD — f) and F(DD — f).
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FIG. 4: Diagram for the determination of B(¢)” — DD). The
horizontal line indicates a certain B(y)" — f) with shaded
band as its uncertainty; the askew line is drawn based on
information of B(DD — f) and B(DD — f); the arrow in-
dicates the B(¢)"" — DD) determined from experiment with
hatched area as its uncertainty.
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FIG. 5: Diagram for the determination of B(¢)" — DD). The
horizontal line indicates a certain B(¢" — f) with shaded
band as its uncertainty; the solid askew line corresponds to
F(DD — f) = 0 for certain final state f while the dashed
askew line corresponds to F(DD — f) = 0 for certain final
state f.

One special case is that F(DD — f) = F(DD — f),
according to Eq. (20), we have B(y)" — f) = F(DD —
f) = F(DD — f). Under such circumstance, we can
not get any information about the total non-DD de-
cay. In another word, if the scan experiment obtains
the B(y" — f), which is equal to F(DD — f), we
could neither confirm nor deny the existence of non-DD
decay. Another special case is F(DD — f) = 0 or
F(DD — f) = 0. For example, for baryon anti-baryon
(BB) final state, which does not come from DD decays,
F(DD — f) = 0. Under such circumstance Eq. (17)

becomes
B(y" — f) =[1 - B(" - DD)]-F(DD - f) . (21)

According to the above equation, B(¢" — f) =
F(DD — f) for B(y)" — DD) = 0 while B(y" — f) =0
for B(y" — DD) = 1. So mathematically, when
B(DD — f) = 0, Eq. (21) provides a downward line
in coordinate as shown in Fig. 5, where the only point
of interaction is at B(¢" — DD) = 0. Physically, at the
start point of abscissa in Fig. 5, Eq. (21) merely gives
a fact that all the final states f events come from non-
DD decay since its decay through DD is forbidden. As
for other values of B(y" — DD), we could not get any
information because the two lines do not intersect.

If the uncertainties due to F(DD — f) and F(DD —
f) are taken into account, the askew lines in Fig. 4 and 5
become bands, just like the horizontal ones. Under such
circumstance, all discussions above are valid except for
the uncertainty of the determined B(y)" — DD), which
becomes larger.

D. Inclusive method

In this section, we first retrospect the previous scan
experiments, and point out drawbacks of these experi-
ments, then put forth a new method which determines
the inclusive non-DD decay directly with small system-
atic errors.

1. Scan experiment

Fig. 6 draws diagrammatically the observed cross sec-
tion in the vicinity of the " resonance calculated with
parameters provided by PDG [4]. The total observed
cross section 0%t is usually expressed as

gtot:UNR—i-UJ/w +(j¢r+0’¢,//, (22)

which contains four parts: the non-resonance cross sec-
tion o g, the radiative tails of .J/v (0;/y) and ¥’ (oy/),
and the " resonance cross section (oy~). The non-
resonance cross section is usually expressed in terms of
R value and the p pair cross section st Born order as
ong = R-o(ete™ — ptp~). The Breit-Wigner for-
mula is adopted to depict the resonances of the J/t, 1’
and 1", where the total decay width of the "' is energy
dependent:

1271'Feer¢u (Ecm)

#(Ben.) = ’
oy (Eem.) (B2, — ]\/[;,,)2 + Ffp” (Ec.m.)Mi”
with
3 3
szn (Ec.m-) = o = ’ (23)
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FIG. 6: The observed cross section in the vicinity of the "
resonance calculated with parameters provided by PDG. The
total observed cross section o** conventionally divided into
four parts: the cross section from non resonant contribution
onr, from radiative tails of J/v (o) and ¢’ (o), and
cross section from resonance ¢’ (o).

where p is the D or D momentum, r is the classical
interaction radius, and Cr is defined as follows:

F " M "

Cr = : v ( 3w )
pDO pDi :|
L+ (rppo)® 1+ (rpp=)?

Ec.m.:Mwll

Here Ty (My) is the 9" total decay width given by
PDG [4]. The radiative correction scheme used by
SPEAR experiment, is based on the work of Bonneau
and Martin [103] and that of Jackson and Scharre [104].
The former only calculated to o® order which is insuf-
ficient for resonances; while the latter made some mis-
takes [105, 106]. The drawbacks due to the treatment
of the radiative correction with these two schemes were
studied for Z in Ref. [105] and for narrow resonances of
¢ and T families in Ref. [106]; but no such study on "
has been conducted so far. BES treats the radiative cor-
rection based on the structure function approach which
achieves 0.1% accuracy [107]. The effect of the radia-
tive correction can be seen from the ratio between the
observed cross section 0°®® and the Born order cross sec-

tion oB°™™, which is defined as
Born _ 1277,
Mi,,]_—‘wrr

From the last column of Table IV, we see that the treat-
ment of the radiative correction was consistent among
different experiments at SPEAR. However, the resonance

parameters from different experiments differ significantly.
The reason remains unknown.

Another problem in previous analyses [88-91] is that
the non-DD branching ratio was neglected in the fit-
ting of the 1" resonance curves. Since light hadrons
have much lower thresholds than DD, a larger non-DD
branching ratio affects both directly the shape of the reso-
nance curve and indirectly through the energy-dependent
total width. Specially, taking into account the non-DD
decays, Eq. (23) is revised by including another term,
that is

err (Ec.m.) = Cf)(
3 3
Ppo Pp+ C _
{1 + (rppo)? + L+ (rpp+)? + nOIl—DD:| ’

where C},on-pp is proportional to the partial width of
the non-DD decays, and

F " (M //)
Cl = . . id id
DPpo Pp+ C _
14 (rppo)? 1+ (rpp+)? non-bb

With the Con-pp term in the expression for I'y., the
fitting of the resonance curve to extract the resonance
parameters is done together with the fitting of the DD
or the non-DD cross section. In this procedure, the non-
DD decay branching fraction is extracted together with
the resonance parameters.

2. Leading particle method
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FIG. 7: Momentum distributions of the leading particle: his-
togram for DD events; dots with error bars for D D-less events
(not normalized). The arrow indicates the cut at 1.1 GeV.

At first sight, it seems easy to measure the DD cross
section because the DD decay has distinctive event topol-
ogy and can be selected without ambiguity. But it is im-
practical for the scan experiment due to its low statistics.

Ec.m.:Mwll



So we turn to the measurement of the D D-less cross sec-
tion, and take advantage of the salient kinetic feature of
DD-less decays, as mentioned in section V C2 for final
state with Kg. This kinetic feature holds for all kinds of
final states, which can be seen from a rough estimation.
Since the mass of the 9" is just above the DD, the D and
D are almost static. Their decay products have momen-
tum less than 932.3MeV /c, which is half of the D° mass.
So the particles with momentum greater than this value
must come from processes other than D or D decays.
With this distinction between DD decay and DD-less de-
cay, we do not need the particle identification, but merely
select the particle having the largest momentum, which
is called the leading particle in a hadronic event. Fig. 7
shows the Monte Carlo simulation of the momentum dis-
tributions for the leading particle from DD (denoted by
histogram) and D D-less decays (denoted by dot with er-
ror bar). It can be seen that the leading particles from
DD decay all have momentum less then 1.1 GeV. So a
cut of p < 1.1 GeV on momentum eliminates almost all
events from DD decays, while the surviving ones must
come from D D-less decays. This gives a direct measure-
ment of DD-less decay without the need to tag certain
particle in the final states. We refer to this method as
the leading particle method.

In the appendix, we present the formulas for )" scan.
Based on these formulas, the expected cross sections in
the vicinity of " resonance are depicted and drawn in
Fig. 8. The upper part of the graph is the total inclusive
hadron cross section; while the lower part are the curves
of cross sections from D D-less decays, with the assump-
tion of non-DD decay branching fraction to be 0, 10%
and 30%, respectively.

The prominent advantage of this method is the high
sensitivity and good precision. Since the fraction of the
non-DD decay is determined by the ratio of two curves
from the same scan measurement, most of the systematic
errors are canceled out, a small systematic uncertainty is
expected from this method.

8. Comments

Recently, CLEOc report a measurement of non-DD
cross section [65]:

Onaa = (=0.01 £ 0087420 )nb |

which indicates the non-DD decays, even exist, would
be smaller than 0.53 nb at 90% confidence level, or cor-
responds to an upper limit of 8.4% of the branching frac-
tion t 90% confidence level, if take the total " cross
section as gy = (6.38 £ 0.08035)nb [65].

Since non-DD searching is very important and inter-
esting, so more accurate results are need to confirm this
measurement. In addition, in the CLEOc analysis, one
distinctive feature is the interference between resonance
and continuum for inclusive electromagnetic processes
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FIG. 8: The cross section in vicinity of the 4" resonance cal-
culated with parameters provided by PDG. In the top graph,
the curve is the total cross section. In the bottom graph,
only DD-less decay cross section is drawn, with assumption
of non-decay fraction as 0, 10% and 30%, respectively.

are taken into account. It is natural to worry about other
interference effects, such as that for inclusive strong pro-
cesses between different resonances. Although one may
argue that such kinds of interference may be small, but
more meticulous studies are needed and we leave such an
analysis to a work in the future. Here merely we want
to point out, the interference effect which has been taken
into account by CLEOc will not affect our measurement
for non-DD decays by scan method as long as we set the
.. of Y’ as a free parameter in the data fit. The reason
is due to the smooth variation of the interference effect
in the vicinity of ¢".

VI. SUMMARY

Totally twelve explanations or models or schemes in-
volving pm puzzle are reviewed, and at the same time,
some relevant experimental results, measurements are
quoted to test or confirm the corresponding theoretical
speculations or predictions. From the retrospect of pre-
vious theories, we point out development of some phe-
nomenological models are more welcome for present sit-
uation of charm decay.

Based on the available experimental information of
J/v¢ and ' decays, we calculate the charmless decays
of ¢" by virtue of the S- and D-wave charmonia mix-
ing scheme which was proposed to explain the large
" — ete” partial width and the pm puzzle. We find
that this leads to a possible large branching fraction, up
to 13%, of the charmless final state in ¢ decays. Al-



though the calculation is semi-quantitative, it demon-
strates that a large charmless branching fraction in "
decays can well be explained.

After that, we put forth three methods for the search-
ing for the non-DD decays of the " in ete™ experi-
ments: the exclusive, the quasi-inclusive and the inclu-
sive methods.

First, for the exclusive method, we call attention on
the contribution of the non-resonance virtual photon, and
more importantly, its interference with the resonate de-
cay amplitude. Besides the confirmation of the existence
of the non-DD decays of the 9", the measurement of
the exclusive channel is very important for the interpre-
tation of the “pm puzzle” in J/¢ and ¢’ decays and the
determination of the phase between the strong and elec-
tromagnetic interactions in such decays.

Second, for the inclusive method, we propose a new,
so-called leading particle method. This method tags a
large fraction of the non-DD decays (~ 10%) without
DD contamination, thus is more sensitive than the other
methods in the determination of the total branching frac-
tion of the non-DD decays of the 1)".

As to the quasi-inclusive method, it can be used as
a cross check for the measuring of the total branching
fraction of the non-DD decays.
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APPENDIX: CROSS SECTION AT " MASS

The total cross section at the 1" peak can be expressed
as the sum of all possible resonances and non-resonance
contributions. Due to Initial State Radiation (ISR) and
other effects, such as energy spread, what is obtained
experimentally is the so-called observed cross section in-
stead of the one at Born order.

A remark of symbol is in order here. In the follow
text, we use symbol W to denote the C.M. energy of
the colliding beams, which is also expressed by E. ,,. in
the literature. The half of W indicates the beam energy,
often written as Epeqm = W/2, while the square of W
indicates the energy transform, often written as s = W?2
in theoretical papers.

1. ISR Correction

The ISR correction is calculated by the structure func-
tion approach [107-109], which yields the accuracy of

0.1%. In this scheme, the radiatively corrected cross sec-
tion is expressed as

1-W2 /w2
dw%::A do 6[WV2(1 — 2)]F(z, W) (A1)

where W, is the cut off of the invariant mass in the event
selection, and

N U0
7 = T

with o2 (W) the Born order cross section and II(W?) the
vacuum polarization. In Eq. (A.1)

F(z,W) = Bz VTS (W) + 65 (z, W) ,
with

(A.2)

5V+S(W) — 1_‘_%64_%(71—_2_1)_{_52(3_7‘-_2) ,

§H(z, W) = -8 (1-%
1 1T+3(1—2)?

+é52 [4(2 —x)ln o

)

Here the conversion of bremsstrahlung photons to real
ete™ pairs is included in the cross section which is the
usual experimental situation. Thus there is cancellation
between the contributions of virtual and real ete™ pairs
in the leading term [109].

The physical cross section at Born order of the process
ete™ — Res. — f (where f denotes a certain kind of
final states) is expressed by the Breit-Wigner formula

127T9,T'¢
(WQ _M2)2 +F2M2 ’

BV W) =

where M and T are the mass and total width of the res-
onance; I'Y, and 'y are the partial widths of the eTe™
mode and the final state f respectively. Here I'C, de-
scribes the coupling strength of the resonance to eTe™
through a virtual photon. For example, in potential
model, 'Y, is related to the wave function at the origin
1(0) in the way

40”Q71¥(0)?
M? ’

where (), is the charge carried by the quark in the quarko-
nium and « is the QED fine structure constant. Since the
decay of a quarkonium 1™~ state to ete™ pair is through
a virtual photon, there is always vacuum polarization as-
sociated with this process. So the experimentally mea-
sured ete™ partial width, denoted explicitly as ['¢%P, is
related to I'?, by the expression

pr_ Th
“ T H-TarP

0 _
Fee_



We follow the convention of Ref. [106] which is adopted
by PDG. In this convention I'.. means ['é?P. For res-
onances, if they decay predominantly to light hadrons,
with threshold (W,,) far less than the data taking en-
ergy (W), that is W — W,,, > T, the integral of Eq.(A.1)
is insensitive to W,,, because the Breit-Wigner formula
behaves like a § function. One can put the upper limit
of the integration to 1, so the radiatively corrected reso-
nance cross section is

o(W?) = / dr F(z,W)oe®W W21 —-1z)], (A.3)
0
with

1271y

BW _
g (W) - (W2 _ M2)2 +T2p2

(A4)

2. Observed Cross Section

The total observed cross section ot°t at the )" mass is
usually expressed as

tot

0" =0NRt Oyt Oy + 0oy, (A5)

which contains four parts: the cross section from non-
resonant contribution oypg, from radiative tails of J/¢
(07/¢) and ¥ (oyr), and the cross section from resonance

ow).

a. Non-resonance section

The non-charm contribution is conventionally ex-
pressed by R value

ong=R-o(ete” = putp™),
with
o
+o— ) -
— = .
o(eTe” = uTuT) = g

Here R indicates the contribution from light quarks[110]
(u, d and s).

b. Tails due to J/v and '

The resonances such as J/¢ and ¢', are narrow with
widths from tens to hundreds keV, while the beam energy
spread of ete™ colliders is at the order of MeV. If the
resonance width is comparable or smaller than the beam
energy spread, the observed resonance cross section is
the one by Eq. (A.1) folded with the beam energy spread
function G(W, W'), which is usually taken as a Gaussian:

SOV = M] ,

1
V2TA P {_ 2A2

with A the standard deviation of the Gaussian distri-
bution, or the beam energy spread physically. However,
when the experiment energy is far from the resonance
peak, the effect of the energy spread is insignificant and
can be neglected[111].

As a matter of fact, Eq. (A.1) can further simplified.
Notice that J/v¢ and ¢’ are narrow resonances, that is
to say, comparing with the resonance mass M, the decay
width I' could be treated as I' — 0. So the Breit-Wigner
formula transforms into a § function:

1277, T';

BW _
g (W) = (WQ_M2)2 +T20M2

I‘_—>[>) 127r2reer s

M (W2_M2)7

where By = I['y/I. Then the integral in Eq. (A.3) gives

1272T . By
Tz P e

w2

o(W?) =

for the cross section due to the tails of the J/¢ and 9.

c. Cross section of "

According to Eq. (A.3), the radiatively corrected cross
section of 9" is expressed as

o () = /0 dz F(z, W) oxp[W2(1 - )]

2
4mD0

1 w2
_+_ /
0

where F'(z, W) is given in Eq. (A.2), while

dr F(x,W) opp[W?*(1 — )],

127T..I'nD
N D W2 — , A6
Uy (W2 = MJ,)? + T2, (W)M], A0
and
1270,.Tpp (W)
) AT
opp(W7) (W2 — M2,)? + T2, (W)M2, A7

The energy dependent total width of 1" is composed of
two parts

Lyr(W)=Tnp+Tpp(W), (A.8)
while the width listed by PDG is often defined as
fd)” = F¢//(W = M II) . (Ag)

Using definition of Eq. (A.9), we further factorize the two
decay widths in Eq. (A.8) as follows:

Cnp=f Ty, (A.10)



or

Fe I_‘ND
F,(prr

)

that is to say, f is actually the branching fraction of the
non-DD decays of 4. For I'pp, we have

FDD(W) ? (1 — f) -fwu 0(W — 2mD0)-3

pDO pDi
L Pp0 L gw —ompe) . —EDE
Ty (rppo)? ( mps) 1+ (rpp+)?
Pho Phe ’
D

1+ (rppe)® 1+ (rPp=)?

(A.11)
where r is the classical interaction radium; rp, whose
value is around 1.4, is the ratio of D°D° to DT D~ pro-
duction at " peak. pis the D° or D* momentum, reads

explicitly as
|
Ppo = % W2 — 4mD0 5
3 .

Pp+x =

V1Z.

1
Pro = = —./M32, —4m?, ,
Ppo =Ppo WMy 2 o Do
1
Dt = Pt = =./M2, —4m?
Pp* =Pp W=M, 2V D*

d. Cross section of the leading particle

The observed cross section at " mass after requir-
ing the momentum of the leading particle within certain

ranges, which is denoted by ¢! also contains four parts,
i.e.

ol = ONR + 0y + 0y + (Tfﬁ' .

Except for the last term, the other three parts are exactly
the same as those of o' in Eq.(22). As to afﬁ', the
radiatively corrected cross section reads

aiﬁ'(W) = /0 dr F(z,W) onp[W?(1 —2)] ,

where F'(z, W) is given in Eq. (A.2), while onp is given
by Eq. (A.6).

e. Cross section of the DD decays

The observed cross section of the DD decays of 9",
denoted as o”P, which only comes from the resonance
decays, is expressed as

2
4am
DO
1-— 2

aﬁlﬁ(W) = dx F(x,W) opp[W?*(1 - )],

where F(z, W)Ois given in Eq. (A.2), while opp(W?) is
by Eq. (A.7).
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