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Abstract

With the known branching ratios ofψ(2S)→ π+π− andψ(2S) → K+K−, the branching ratio ofψ(2S)→ K0
S
K0
L

is
calculated as a function of the relative phase between the strong and the electromagnetic amplitudes of theψ(2S) decays. The
study shows that the branching ratio ofψ(2S)→ K0

SK
0
L is sensitive to the relative phase and a measurement of theK0

SK
0
L

branching ratio will shed light on the relative phase determination inψ(2S)→ 0−0− decays.
 2003 Published by Elsevier B.V. Open access under CC BY license.
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1. Introduction

The relative phase between the strong and the e
tromagnetic amplitudes of the charmonium decays
basic parameter in understanding the decay dynam
Studies have been carried out for manyJ/ψ two-body
decay modes: 1−0− [1,2], 0−0− [3–5], 1−1− [5] and
N �N [6]. These analyses revealed that there exis
relative orthogonal phase between the strong and
electromagnetic amplitudes inJ/ψ decays [1–7].

As to ψ(2S), it has been argued [7] that the on
large energy scale involved in the three-gluon deca
charmonia is the charm quark mass, one expects
the corresponding phase should not be much diffe
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t

betweenJ/ψ and ψ(2S) decays. There is also
theoretical argument which favors the±90◦ phase [8].
This large phase follows from the orthogonality
the three-gluon and one-photon virtual proces
But an extensively quoted work [7] found that
fit to ψ(2S) → 1−0− with a large phase±90◦ is
virtually impossible and concluded that the relat
phase between the strong and the electromagn
amplitudes should be around 180 degree.2

However, it is pointed out in Ref. [9] that th
contribution of the continuum process via virtu
photon was neglected in almost all the data analy
in e+e− experiments. By including the contribution

2 In Ref. [7], the phaseδ = 0◦ between the strong amplitud
and thenegative electromagnetic amplitude is corresponding to
phaseφ = 180◦ between the strong amplitude and thepositive
electromagnetic amplitude here.
se.
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the continuum process,ψ(2S) → 1−0− decays have
been reanalyzed and it is found [10] that the phas
−90◦ cannot be ruled out. Unfortunately, the curre
experimental information onψ(2S) → 1−0− decays
are not precise enough to determine the phase.

For the time being the experimental informati
for ψ(2S) decays is less abundant than that forJ/ψ .
Among the other modes used inJ/ψ decays to mea
sure the relative phase, the only mode with exp
mental data inψ(2S) decays is theψ(2S) → 0−0−
(i.e., pseudoscalar meson pairs), includingψ(2S) →
π+π− andψ(2S)→ K+K−. But this is not enough
to extract the phase between the strong and the e
tromagnetic amplitudes, since there are three free
rameters, namely, the absolute values of the str
and the electromagnetic amplitudes, and the rela
phase between them. Another 0−0− decay channe
ψ(2S)→K0

SK
0
L is thus needed to determine all the

three parameters.
Although, as has been pointed out in Ref. [1

ψ(2S) → 0−0− is allowed in leading-twist pQCD
whileψ(2S)→ 1−0− is forbidden, the relative phase
found in these two modes may not necessarily be
same, it is still interesting to test this since inJ/ψ
decays, the phases in these two modes are found
rather similar.

In this Letter, the existing experimental data
ψ(2S) decays toπ+π− andK+K− are used as in
puts to calculate the branching ratio ofψ(2S) →
K0
SK

0
L as a function of the relative phase. On

B(ψ(2S)→ K0
SK

0
L) is known, the relative phase b

tween the strong and the electromagnetic amplitu
in ψ(2S)→ 0−0− decays could be determined bas
on the calculations in this Letter.

2. Theoretical framework

In ψ(2S) → 0−0− decays, the G-parity violatin
channelπ+π− is through electromagnetic process (
contribution from the isospin-violating part of QC
is expected to be small [12] and is neglected),K0

SK
0
L

through SU(3) breaking strong process, andK+K−
through both. As has been observed inJ/ψ →
K0
SK

0
L [13], the SU(3) breaking strong decay amp

tude is not small. Following the convention in Ref. [5
the ψ(2S) → 0−0− decay amplitudes are param
trized as

Aπ+π− =E, AK+K− =E +
√

3

2
M,

(1)AK0
SK

0
L

=
√

3

2
M,

whereE denotes the electromagnetic amplitude a√
3

2 M the SU(3) breaking strong amplitude.
As has been discussed in Refs. [9,14], ifψ(2S) is

produced ine+e− experiment, the contribution of th
continuum must be included in the total amplitud
that is

Atot
π+π− =Ec +E, Atot

K+K− =Ec +E +
√

3

2
M,

(2)Atot
K0
SK

0
L

=
√

3

2
M,

whereEc is the amplitude of the continuum contrib

tion. Besides the common part,Ec, E and
√

3
2 M can

be expressed explicitly as

(3)

Ec ∝ 1

s
, E ∝ 1

s
B(s),

√
3

2
M ∝ Ceiφ 1

s
B(s),

where the real parametersφ and C are the relative
phase and the relative strength between the strong
the electromagnetic amplitudes, andB(s) is defined as

(4)B(s)= 3
√
s Γee/α

s −M2
ψ(2S) + iMψ(2S)Γt

.

Here
√
s is the center of mass energy,α is the QED

fine structure constant;Mψ(2S) andΓt are the mass
and the total width ofψ(2S); Γee is the partial width
to e+e−.

The Born order cross sections for the three chan
are thus

σBorn
π+π−(s)= 4πα2

s3/2

[
1+ 2
B(s)+ |B(s)|2]

(5)× |Fπ(s)|2Pπ+π−(s),

σBorn
K+K−(s)= 4πα2

s3/2

[
1+ 2
(CφB(s))+ |CφB(s)|2

]

(6)× |Fπ(s)|2PK+K−(s),

σBorn
K0
SK

0
L

(s)= 4πα2

s3/2 C2|B(s)|2|Fπ(s)|2
(7)×PK0

SK
0
L
(s),
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Table 1
Energy spreads of different experiments

Experiment DASP/DORIS BESI/BEPC MARKIII/SPEAR

Ecm (GeV) ψ(2S) ψ(2S) J/ψ

(3.686) (3.686) (3.096)
Energy spread 2.0 MeV 1.3 MeV 2.4 MeV
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whereFπ(s) is the pion form factor and the pha
space factorPf (s) (f = π+π−,K+K−,K0

SK
0
L) is

expressed as

Pf (s)= 2

3s
q3
f ,

with qf the momentum of the final state partic
in two-body decay. The symbolCφ ≡ 1 + Ceiφ is
introduced for briefness.

For the measurement of the narrow resonance
J/ψ and ψ(2S) in e+e− experiment, the radiativ
correction and the energy spread of the collider m
be considered in the calculation of the observed c
sections. In fact, the observed cross sections
the proportions of the contributions from resonan
and continuum depend sensitively on the experim
conditions [14]. Forψ(2S) decays toπ+π− and
K+K−, the contributions of the continuum, as well
interference terms, must be subtracted from the t
cross sections to obtain the correct branching rat
ForK0

SK
0
L mode, there is no continuum contributio

Although the observedK0
SK

0
L cross section depend

on the energy spread, the branching ratio is sim
the observedK0

SK
0
L cross section divided by the tot

resonance cross section. The formulae to calculate
experimentally observed cross section are present
Ref. [14]. In the following analysis, the energy spre
of different e+e− colliders, as listed in Table 1, ar
adopted in the corresponding calculations. In addit
it is also assumed that experimental data are ta
at the energy which yields the maximum inclus
hadronic cross section [14].

3. Experimental data and predictions of
B(ψ(2S)→K0

SK
0
L)

Presently the experimental data onψ(2S)→ 0−0−
are limited. The only results which have been p
lished are from DASP [15]:

(8)B
(
ψ(2S)→ π+π−) = (8± 5)× 10−5,

(9)B
(
ψ(2S)→K+K−) = (10± 7)× 10−5,

which are based on about 0.9 × 106 producedψ(2S)
events. The uncertainties of the measurements
more than 60% because of the small data sample.

Another attempt to measure the branching ratio
ψ(2S) → π+π− andK+K− is based on 2.3 × 106

ψ(2S) data collected by BESI, the results are [16]:

(10)
B

(
ψ(2S)→ π+π−) = (

0.84± 0.55+0.16
−0.35

) × 10−5,

(11)
B

(
ψ(2S)→K+K−) = (

6.1± 1.4+1.5
−1.3

) × 10−5.

Here the uncertainty forπ+π− is also considerably
large, around 70%; while forK+K−, the uncertainty
is about 30%.

It should be emphasized that the aforementio
values without subtracting the contributions from t
continuum are not the real physical branching rat
These values should be multiplied by the experim
tally measured total resonance cross section of the
responding experiment and the products are to be
terpreted as the observed cross sections of these
modes under the particular experimental conditi
More detailed discussion of this point is in Ref. [14

Since in both of these two experiments, theπ+π−
branching ratios have large uncertainties, and the
tral values differ by almost an order of magnitud
an alternative way to do the analysis is to estim
B(ψ(2S)→ π+π−) in terms of pion form factor ex
trapolated fromB(J/ψ → π+π−) with better preci-
sion. For this purpose,B(J/ψ → π+π−) = (1.58±
0.20± 0.15)× 10−4 from MARKIII/SPEAR [17] is
used. Although the contribution of the continuum
small for J/ψ decays, it is taken into account in th
calculation here which yields

(12)
∣
∣Fπ

(
M2
J/ψ

)∣∣ = (9.3± 0.7)× 10−2.
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Fig. 1.ψ(2S)→K0
S
K0
L

branching ratio as a function of the relativ
phase for three different inputs which are described in the text.

Extrapolate the result by 1/sdependence [18,19] th
pion form factor becomes

(13)|Fπ(s)| = (0.89± 0.07)GeV2

s
.

With the pion form factor in Eq. (13), for exampl
BESI should observe aπ+π− cross section of 11.6 p
atψ(2S) energy, of which 4.8 pb is from the resonan
decays (the totalψ(2S) cross section is 640 nb).

With the input of the branching ratios ofπ+π− and
K+K−, the branching ratio ofK0

SK
0
L is calculated as

a function of the phase betweenE and
√

3
2 M, as solved

from Eqs. (5), (6) and (7) with radiative correction a
energy spread of thee+e− collider considered. Thre
sets of inputs are used for the calculations:

• Input 1: DASP results in Eqs. (8) and (9);
• Input 2: BESI results in Eqs. (10) and (11);
• Input 3: pion form factor from Eq. (13) and
B(ψ(2S)→K+K−) from BESI measurement i
Eq. (11).

Fig. 1 showsB(ψ(2S) → K0
SK

0
L) as a function

of the phase for the three sets of inputs. It co
be seen thatB(ψ(2S) → K0

SK
0
L) is very sensitive

to the relative phase. With all three sets of inpu
the variation shows the same trend. They reach
maxima and minima at roughly the same values
Table 2
PredicatedB(ψ(2S) → K0

S
K0
L
) (×10−5) and relative strength

parameterC = |
√

3
2 M/E| at different phases for different inputs

Phase Input 1 Input 2 Input 3

−90◦ B 5.2+9.4
−5.2 6.3+2.2

−2.1 5.8+2.3
−2.2

C 1.5+1.2
−1.5 4.5+5.1

−1.4 2.9+0.7
−0.6

+90◦ B 1.5+6.9
−1.5 4.5+2.1

−1.9 3.4+1.8
−1.6

C 0.79+1.94
−0.79 3.8+5.1

−1.4 2.2+0.7
−0.6

180◦ B 14+11
−14 8.6+2.5

−2.7 9.4+2.7
−2.7

C 0.48+1.82
−0.48 3.3+5.0

−1.4 1.8+0.6
−0.7

0◦ B 0.6+4.5
−0.6 3.3+2.2

−1.7 2.1+1.4
−1.2

C 2.5+1.7
−2.5 5.2+5.0

−1.3 3.7+0.6
−0.5

the phase. With the Input 1,B(ψ(2S) → K0
SK

0
L)

varies in a larger range than the other two sets
inputs. This is because theπ+π− branching ratio from
DASP is large, so the electromagnetic amplitudeE
and the continuum amplitudeEc are relatively large

compared with the strong decay amplitude
√

3
2 M, so

the interference is more important. On the contra
with the Input 2, theπ+π− branching ratio is smal
from BESI experiment, which means thatE and
Ec are relatively small, so the interference is le
significant.

Table 2 lists the predictions of theψ(2S)→K0
SK

0
L

branching ratios, as well as the relative strengthC,
with some values of the phase which are most in
esting from theoretical point of view. These phases
φ = −90◦, +90◦, 180◦ and 0◦, for the three sets o
inputs as discussed above. The first two phases ar
vored by the theory [8], and are the fitted results fr
J/ψ data; while the third one is from an early fittin
of ψ(2S) → 1−0− mode [3]. Here the uncertaintie
due to the experimental errors ofπ+π− andK+K−
measurements are included in the table. With the t
set of input, the theoretical uncertainty due to the
trapolation of the pion form factor fromJ/ψ toψ(2S)
according to 1/s dependence is not included.

In principle, the electromagnetic amplitudes
ψ(2S) → π+π− (Eπ ) andψ(2S) → K+K− (EK )
are not necessarily the same as assumed in Eq. (
variation ofEK by±(20∼ 30%) fromEπ is tested for
various input. The changes of the predicted branch
ratios ofψ(2S)→ K0

SK
0
L are well within the quoted
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errors since the uncertainties of theB(ψ(2S) →
π+π−) are large for Input 1 and Input 2; whil
for Input 3, the resulting branching ratio curve li
between the two curves from Input 1 and Input 2
Fig. 1.

4. Discussions

From Fig. 1 and Table 2, it can be seen that with
Input 1, the central value ofψ(2S)→K0

SK
0
L changes

dramatically as the phase varies. Nevertheless,
predictions come with huge uncertainties due to
large experimental errors of the inputB(ψ(2S) →
π+π−) and B(ψ(2S) → K+K−). As a matter of
fact, the results by DASP in Eqs. (8) and (9) c
accommodate the assumption within one stand

deviation that
√

3
2 M = 0 in Eq. (2), i.e., the strong

interaction is totally absent which meansB(ψ(2S)→
K0
SK

0
L)= 0. Such huge uncertainties make it virtua

impossible to draw any useful conclusion about
phase even withB(ψ(2S)→K0

SK
0
L) measured.

However, with Input 2, because of the smal
error ofB(ψ(2S)→K+K−) and the relatively smal
ψ(2S)→ π+π− branching ratioB(ψ(2S)→K0

SK
0
L)

are calculated with much smaller uncertainty. T

strong interaction amplitude
√

3
2 M is nonzero within

two standard deviation, andB(ψ(2S) → K0
SK

0
L) is

predicted at the order of 10−5. The exact value
depends on the phase and varies by a factor 2.7 f
the minimum to maximum. The uncertainty of th
prediction, depending on the phase, is between 3
to 50%. So with this result, onceB(ψ(2S)→K0

SK
0
L)

is measured, the phase between the strong and
electromagnetic amplitudes can be determined to
within one of the following regions: close to 0◦,
around±90◦, or close to 180◦.

With Input 3, the usage of the better measured p
form factor atJ/ψ does not reduce the uncertain
of the predictedB(ψ(2S)→K0

SK
0
L) very much. This

is due to the larger pion form factor and so larg
contribution from the electromagnetic interactionsE
andEc in Eq. (2)) than with Input 2. But the predicte
central values ofB(ψ(2S)→K0

SK
0
L) vary in a larger

range, with a factor of 4.9 from the minimum
maximum. This makes it more sensitive to determ
the phase byB(ψ(2S)→K0

SK
0
L) than with Input 2.
By virtue of the calculations with Input 2 and Inp
3, onceB(ψ(2S)→ K0

SK
0
L) is known, at least it can

distinguish whether the strong and the electromagn
amplitudes are roughly orthogonal (with phase aro
±90◦) or of the same or opposite phase (0◦ or 180◦).
This is highly desirable from the theoretical point
view.

To determine the relative phase between the str
and the electromagnetic interactions with small
ror, the branching ratios ofψ(2S) → π+π− and
ψ(2S) → K+K− must also be measured to hig
precisions. These are expected from the forthcom
CLEOc and BESIII experiments [20,21].

5. Summary

ψ(2S)→K0
SK

0
L branching ratio is calculated as

function of the relative phase between the strong
the electromagnetic amplitudes, based on the avail
experimental information ofψ(2S) → π+π− and
ψ(2S) → K+K− decay branching ratios. With th
results in this Letter, a measurement of theψ(2S)→
K0
SK

0
L branching ratio will shed light on answerin

the question that whether the phase between the st
and the electromagnetic amplitudes is large (±90◦) or
small (0◦ or 180◦) in theψ(2S)→ 0−0− decays.
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