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Abstract

The π+π−π0, K+K−π0 andK±K0π∓ final states produced bȳpp annihilation at rest at three different hydrog
target densities have been analyzed in the frame of a coupled channel analysis together withππ andπK scattering data
Here we present the main results which concern masses, widths,ππ andK �K partial widths of all the involved resonanc
(JP = 0+,1−,2+), the direct determination ofΓK �K/Γππ ratio for f0(1370) andf0(1500) (ΓK �K/Γππ = 0.91± 0.20 and
ΓK �K/Γππ = 0.25± 0.03, respectively), the determination ofa0(1300) parameters (M = 1303± 16 MeV;Γ = 92± 16 MeV)
and the observation of two different high massρ signals associated toρ(1450) and ρ(1700) (M = 1182± 30 MeV;
Γ = 389± 20 MeV andM = 1594± 20 MeV;Γ = 259± 20 MeV, respectively).
 2003 Published by Elsevier Science B.V.
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1. Introduction

Here we present the main results of the first c
pled channel analysis of the annihilation reactions
restp̄p→ π+π−π0, K+K−π0 andK±K0

Sπ
∓, mea-

sured, by the Obelix experiment, at three different d
sities of the hydrogen target (see [1] for the detai
An articulated approach was developed in order to f
up the problem ofS- andP -wave contributions in̄pp
annihilation at rest and to disentangle the complica
K �Kπ dynamics.

As far as the first point is concerned, many exp
ments took the short cut of analysingp̄p annihilation
at rest by assuming a pureS-wave contribution in liq-
uid hydrogen. Nevertheless, as shown by the ato
cascade models [3] and the two-meson branching
tios analyses [4,5] aP -wave contribution of the orde
of 10% is expected so that this assumption turns
to be unacceptable for high statistics data samples
the other side, the insertion ofP -wave is unlikely due
to the fact that its contribution in liquid hydrogen do
not allow a reliable investigation of the complexP -
wave annihilation dynamics. These considerations
us to collectp̄p annihilation data at different densitie
In fact, the well-known mechanisms which regula
the formation and the deexcitation of thep̄p atom in
the hydrogen medium [2] can be exploited to modul
the relative weights of the different partial waves co
tributing to annihilation at rest in three pseudosca
meson final states, i.e.,1S0, 3S1, 1P1, 3P1 and 3P2
(3P0 is forbidden by selection rules). For this reas
each final state was collected in liquid hydrogen (LH
dominated byS-wave annihilation, low density hydro

E-mail address: semprini@bo.infn.it (N. Semprini Cesari).
gen (corresponding to a pressure of 5 mbar, LP), d
inated byP -wave annihilation, and hydrogen at sta
dard conditions of density and pressure (NP), wh
comparable contributions fromS- andP -wave anni-
hilation are expected. As explained further on, the
spection of the experimental data gives a direct ins
of the advantages of this technique, which repres
a decisive progress to get a detailed understandin
final state dynamics inS andP partial waves ofp̄p
system.

Unlike πππ , theK �Kπ final state is produced b
intermediate resonant states of defined (G= ±1) and
undefinedG-parity so that both of the isospin comp
nents (I = 0,1) of p̄p sources contribute (remarkab
is the case ofK∗(892) produced by two interferinḡpp
sources from five different partial waves). These
cumstances make the investigation ofK+K−π0 dy-
namics a hard task and led us to introduce a dif
ent charge combination of the same final state,
K±K0π∓. No additional parameters are required
describe its dynamics,K∗(892) are produced in a
completely different interference pattern and, ab
all, only I = 1K �K resonances can be produced. T
fact turns out to be crucial in extracting theI = 0
component ofK �K dynamics from theK+K−π0 fi-
nal state.

Additional experimental information is provided b
including in our data sets theJPC = 0++, IG = 0+,
ππ → ππ , ππ → K �K , and theJP = 0+, I = 1/2,
Kπ →Kπ scattering data [6].

2. Experimental data and fit results

The annihilation reactionsp̄p → π+π−π0,
K+K−π0 andK±K0

Sπ
∓ at three different densitie
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Fig. 1. Dalitz-plots (background subtracted) of the annihilation reactionsp̄p → π+π−π0 (first row), p̄p → K+K−π0 (second row) and
p̄p → K±K0

S
π∓ (third row) in LH (a), NP (b) and LP (c) hydrogen targets. Statistics (in unit of 103 events):π+π−π0, 808 (LH), 420

(NP), 260 (LP);K+K−π0, 20 (LH), 23 (NP), 25 (LP);K±K0
Sπ

∓, 10.6 (LH), 27 (NP), 3 (LP).XY axis: π+π−π0, π+π− andπ+π0

(bin size 0.032× 0.032 GeV2); K+K−π0, K+π0 andK−π0 (bin size 0.045× 0.045 GeV2); K±K0
S
π∓, K±π∓ andK0π∓ (bin size

0.045× 0.045 GeV2 in LH and NP, bin size 0.090× 0.090 GeV2 in LP).
he
g
x-
lec-
t of
3].

litz-

s)
y

(LH, NP, LP) were studied on data collected by t
Obelix experiment at the Low Energy Antiproton Rin
(LEAR) at CERN. The detailed description of the e
perimental apparatus, the triggers, the off-line se
tion, the background subtraction and the treatmen
the apparatus efficiency can be found in Refs. [7,1
Here we present the background subtracted Da
plots of the reactions analyzed (Fig. 1).

The dominant contributions ofρ(770) (observed
in three charged states) andf2(1270) in π+π−π0

channel andK∗(892) (observed in two charged state
in K+K−π0 andK±K0

Sπ
∓ final states are clearl
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displayed by the experimental data. By looking
the figures from left to right, i.e., decreasing t
density of hydrogen target, the fading ofρ0(770)
and the enhancement off2(1270) point out their
dominant production respectively fromS- and P -
waves of thep̄p system (Fig. 1(1-a,b,c)). In th
same way, a dominantS-wave production is clearly
observed also in the case ofφ(1020) (Fig. 1(2-
a,b,c)) anda0(980) (Fig. 1(3-a,b,c)), whileP -wave
controls thef ′

2(1525) production (Fig.1(2-a,b,c)). Th
strong concentration of events in the central reg
between theK∗(892) bands in theK+K−π0, which is
absent in theK±K0

Sπ
∓ final state, is due to isoscala

resonances.
All the atomic physics involved in our problem

is parametrized by the percentagesWk(ρt ) of the
corresponding hyperfine levels (k labels 1S0, 3S1,
1P1, 3P1 and 3P2, 3P0 being forbidden by selectio
rules in three pseudoscalar meson final states
Nj (ρt ) represents the number of selected event
each experimental Dalitz-plot (j labels the final state
the expected number of events in the binp′q ′ can be
written as

(1)DTh
p′q ′j (ρt )=

Npw∑
k=1

∑
pq

NjW
k
∣∣β̂k∣∣2εp′q ′,pq

∣∣Fkpqj ∣∣2,
whereNpw is the number of partial waves,̂βk the
absolute normalization of the production paramet
εp′q ′,pq represents the apparatus efficiency andFkpqj
the production amplitudes which describe the an
hilation process (its detailed expression is given
Ref. [1]). In the frame ofK-matrix andP -vector
formalism these amplitudes are described by in
ducing series of poles of massmα coupled to p̄p
system by the production parametersβkα and decay-
ing into mesonic couples by the decay constantsgαj
from which we got also the scattering amplitud
T kjk . The pole parameters, together withf kj (ρt ) =
Nj (ρt )W

k(ρt )|β̂k|2 are adapted to minimize theχ2
Table 1
T -matrix parameters of the poles corresponding to the best fit solution (MeV units)

Res. T-matrix parameters Res. T-matrix parameters

M Γ Partial width M Γ Partial width

f0(980) 984±15 29± 14 Γππ 21± 7 K∗±
1 (892) 895± 2 53± 4 ΓπK 53± 1

ΓK �K 5.4± 2 K∗0
1 (892) 899± 3 55± 4 ΓπK 55± 2

Γηη 2.2± 1a ρ±(770) 754± 5 132± 10 Γππ 132± 10
Γ4π 0.1±0.04a ΓK �K 0

f0(400) 1597±30 726± 40 Γππ 602± 30 Γ4π < 0.02a

Γ
K �K 120± 20 ρ0(770) 752± 5 145± 10 Γππ 145± 10
Γηη 0.4± 0.2a ΓK �K 0
Γ4π 3.5± 1.0a Γ4π < 0.02a

f0(1370) 1373±15 274± 20 Γππ 10.8± 2 ρ(1450) 1182±30 389± 20 Γππ 187± 14
ΓK �K 9.8± 2 ΓK �K < 3
Γηη 107± 10a Γ4π 209± 14a

Γ4π 146± 12a ρ(1700) 1594±20 259± 20 Γππ 18± 5
f0(1500) 1484±10 125± 12 Γππ 35.8± 4 ΓK �K 55± 12

ΓK �K 9.0± 2 Γ4π 236± 14a

Γηη 26.6± 4a f2(1270) 1251± 7 192± 10 Γππ 165± 9
Γ4π 54± 8a ΓK �K 7.5± 2

K∗
0 (1430) 1436±30 288± 35 ΓπK 288± 35 Γ4π 19± 9a

a0(980) 998±10 72± 15 ΓK �K 26± 6b f ′
2(1525) 1521± 7 68± 7 Γππ < 0.1

Γπη 46± 8a ΓK �K 68± 8
a0(1300) 1303±16 92± 16 ΓK �K 91± 15 Γ4π < 0.1a

Γπη 1± 0.5a f2(1565) 1489±15 204± 20 Γππ 204± 20
φ(1020) 1019± 6 3.7±0.5 Γ

K �K 3.7± 0.5 a2(1320) 1319±10 136± 25 Γ
K �K –

Errors accounts for statistical and systematical deviations while values without errors are assumed fixed.
a Decay channels whose experimental data are not included in the analysis.
b Values not corrected for the realK �K phase space.
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function built with the theoretical amplitude, co
rected for the overall efficiency, and the experimen
data [1].

The best fit values ofK-matrix masses and cou
plings can be found in [1], here we list only the phy
cal state masses and widths (Table 1) calculated by
method explained in Ref. [8].

3. Discussion of the results

Concerning the atomic physics results the det
can be found in Ref. [1]. Here we remark th
the assumption of a pureS-wave annihilation in
LH targets is meaningless due to the fact thatP -
wave contributions of about 15%, 25% and 30%
obtained inπ+π−π0, K+K−π0 andK±K0

Sπ
∓ final

states, respectively. On the other hand, if only LH d
are available, due to the large number of parame
needed, the inclusion ofP -waves is hopeless. The
contributions turn out to be too weak to be correc
determined although too strong to be neglected.

An important experimental check of the obtain
partial wave deconvolution is represented by the d
sity dependence of the partial wave percenta
Wk(ρt ) (see Eq. (1)) that can be compared to
ones extracted by two meson annihilation branchi
ratios. For instance in the case of1S0 and3S1 partial
waves this dependence can be extracted fromp̄p →
K±K0π∓π+π− spin-parity analysis [9] and from th
branching ratio ofp̄p→KSKL [10], both performed
at different hydrogen densities. The agreement is g
[1].

Concerning the resonances the mains results ar
following.

3.1. Vector mesons

The mass splitting of theρ(770) isospin multiplet
determined by the fit has the following value

(2)Mρ(770)0 −Mρ(770)± = (−2± 4)MeV.

The ratio of branching ratios

(3)
BR(pp̄→ ρ±,0π∓,0, 3S1)

BR(pp̄→ ρ±π∓, 1S0)
= 25± 5

confirms the well-knownS-wave dynamical selec
tion rule, i.e., theρπ puzzle [11]. FromP -waves
such an evident effect is not observed neverthe
the enhanced production fromL = 2 (L being the
resonance-spectator angular momentum) is obse
in 1P1 partial wave (see also [13])

(4)
BR(pp̄→ ρ±,0π∓,0, 1PL=2

1 )

BR(pp̄→ ρ±,0π∓,0, 1PL=0
1 )

= 8.1± 2.0.

In this analysisρ(1450) is observed inππ decay
mode (K �K being negligible) while the dominant 4π
decay mode contributes to the overall inelasticity. T
mass value confirms our previous determination [
and remains remarkably lower than the PDG m
value [26]. In our opinion this fact fits in a problema
situation concerningρ(1450) parameters from man
pp̄ annihilation experiments (inππ decay mode mas
values below 1.3 GeV are found in 4π final state [12],
while values of about 1.35–1.40 GeV are obtained
p̄d → π+π−π−p [14] andn̄p→ π+π+π− [15]).

Our previous determinations ofρ(1700) parame-
ters [16] are confirmed [27].

The mass splitting of isospin doublet determined
the fit has the following value

(5)MK∗(892)0 −MK∗(892)± = (4± 2) MeV.

We found that the production ofK∗(892)K is regu-
lated by a dynamical selection rule which suppres
in each partial wave, one of the twōpp isospin
sources. This effect, observed inS-wave [19], is now
measured for the first time also inP -wave. In the case
ofK+K−π0 final state [20] where theK∗ interference
pattern is isospin independent, we get

BR(pp̄→K∗K,I = 1)

BR(pp̄→K∗K,I = 0)
=




0.40± 0.07 1S0,

5.8± 0.9 3S1,

0.25± 0.02 1P1,

0.10± 0.01 3P1,

5.03± 0.34 3P2.

Besides the necessity to understand the origin
this dynamical selection rule, interesting phenom
can be addressed to these results. For instance
huge OZI-rule violatingφπ production from3S1 and
its suppression from1P1, can be related, throug
the K∗(892)K rescattering in the final state, to th
enhancement ofK∗K production fromI = 1 and
I = 0 p̄p sources in3S1 and 1P1 partial wave
respectively [17].
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We confirm the strongφ(1020)π0 production from
3S1 partial wave and the negligible contribution
1P1: BR(pp̄ → φπ0) = (5.0 ± 1.8) × 10−4 in LH,
(2.9±1.0)×10−4 at NP and(1.2±0.4)×10−4 at LP,
in agreement with the previous determination [18].

3.2. Tensor mesons

In the present analysis thea2(1320) is observed in
K+K− and inK±K0 decay mode which represe
about the 5% of the total. The following branchin
ratios are obtained BR(pp̄ → a2(1320)+π−; a+

2 →
K+ �K0): LH, (3.88 ± 0.90) × 10−4; 1S0 of LH,
(2.45± 0.50) × 10−4. Both values agree within th
errors with the bubble chamber [19] and Crys
Barrel [21,33] measurements. From the analysis
pp̄ → π+π−η [23] we can calculate the BR(pp̄ →
a2(1320)+π−; a+

2 → ηπ+): LH, (37.2 ± 3.4) ×
10−4; 1S0 of LH, (23.7 ± 1.9) × 10−4, which agree
with [22]. In spite of the consistency among the
experimental measurements, thea2(1320) decay ratio
is ΓK �K/Γηπ = 0.10± 0.02, which is about a factor
lower than the PDG one. From the analysis ofpp̄→
π+π−π+π− [24] we can also calculate BR(pp̄ →
a2(1320)+π−; a+

2 → ρ0π+): LH, (51.0 ± 5.0) ×
10−4; 1S0 of LH, (37.1 ± 4.0) × 10−4. Correcting
for the unobservedρ+π0 decays we can determin
the ratioΓK �K/Γρπ = 0.036± 0.07 by using LH or
0.032± 0.007 by using1S0 in LH, which is a factor
of 2 lower than PDG. From this scenario it is not cle
which decay channel is responsible for the discrepa
with PDG.

Concerningf2(1270)π0 we get the following ratios

ΓK �K
Γππ

= 0.045± 0.010,

BR(pp̄→ f2π
0, f2 →K �K)

BR(pp̄→ f2π0, f2 → ππ)

=



0.043± 0.010 1S0,

0.045± 0.010 3P1,

0.048± 0.010 3P2

in agreement with the PDG value [26].
Possible OZI-rule violation effects inf ′

2(1525)π0

production can be investigated by measuring the
lowing ratio of production branching ratios [18,25]

BR(pp̄→ f ′
2(1525)π0)

BR(pp̄→ f2(1270)π0)
=




0.028± 0.006 1S0,

0.026± 0.003 3P1,

0.051± 0.020 3P2

the comparison with the OZI-rule theoretical expec
tion Rth = ρf ′

2
/ρf2 tan2(θ2++ − θid)= 0.022 (θ2++ =

28◦ [26]) excludes strong OZI-rule violation effec
from S andP waves.

A third pole, we associated tof2(1565) is required
mainly by low density pion data. Due to the fact th
the 4π decay mode was set to zero (no experime
indications are available on 4π decay mode) only the
mass and the total width of the resonance can
measured by the present analysis (Table 1). Altho
this resonance is very close tof ′

2(1525), its larger
width and the reducedK �K coupling make the two
signals distinguishable. Its dominant production fr
3P2 partial wave is observed and confirms our previo
determination [13].

3.3. Scalar mesons

The analysis confirms the negligible contributi
of P -wave in a0(980) production clearly observab
by the direct inspection of the experimental data.
using thea0π production branching ratios inK �Kπ
(present analysis) andπ+π−η ((8.2 ± 0.5) × 10−4

in LH) [23] we get the following ratio of partia
widths: ΓK �K/Γηπ = 0.23 ± 0.04 in agreement with
the PDG [26]. A seconda0 pole of mass aroun
1300 MeV is required especially byK±K0

Sπ
∓ data

in the steep slope ofa2(1320) signal confirming the
previous Obelix analysis result (M = 1290± 10 MeV
[27]). Higher mass values [33] do not improve theχ2,
moreover if a mass value of 1450 MeV is fixed t
resonance fraction becomes negligible.

Many of the properties off0(980), as known, are
related to the closeness toK �K threshold. By studying
the behavior of the real and imaginary part of t
inverse propagator matrix we determine a total wi
of Γ = 174±10 MeV reduced, by the threshold effe
to the value listed in Table 1 [8].

The physical state associated tof0(400–1200) looks
like a very broad structure which departs complet
from the Breit–Wigner shape. Also in this case,
physical pole parameters listed in Table 1 are obtai
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by calculating the imaginary part of the inverse pro
agator matrix at the mass value which zeroes its
part [8].

The f0(1370) turns out to be coupled mainly t
the unobservedηη and 4π channels. Concerning th
observed decay channels we get

ΓK �K
Γππ

= 0.91± 0.20,

BR(pp̄→ f0π
0, f0 →K �K)

BR(pp̄→ f0π0, f0 → ππ)
=

{
1.00± 0.20 1S0,

0.94± 0.20 3P1.

In the case off0(1500), relevant are theππ andK �K
decay modes, here measured for the first time i
coupled-channel analysis of annihilation data

ΓK �K
Γππ

= 0.25± 0.03,

BR(pp̄→ f0π
0, f0 →K �K)

BR(pp̄→ f0π0, f0 → ππ)
=

{
0.24± 0.04 1S0,

0.30± 0.04 3P1

the agreement with the recent determinations
Refs. [28,29] is satisfactory. If we accept the hypot
sis of a qq̄ nature off0(1370) (we underline tha
the peculiar decay modes of this resonance, ma
the 4π decay mode, make this assumption questi
able) a dominantss̄ higher mass meson is expecte
In this case these measurements rule out the pos
ity that f0(1500) could be such anss̄ meson and lead
to consider the possibility of relevant gluonic comp
nents [32].

4. Conclusions

The present analysis was designed to perform
coupled channel study ofππ andK �K decay modes o
light mesons. The complexK �K dynamics is resolved
by using two different charge combinations ofK �Kπ
final state, i.e.,K+K−π0 accessible toI = 0,1
resonances andK±K0

Sπ
∓ were onlyI = 1 states can

be produced. To avoid the systematic uncertain
arising from partial wave separation, we developed
approach, based on the use of hydrogen targets of t
different densities, by which we obtain data samp
with different mixtures ofS- andP -wave hyperfine
levels. The variation with the hydrogen density
their percentages can be checked by means of
meson branching-ratios giving an experimental ba
to the principal source of systematics in this kind
analyses. Our results show clearly that, regardles
the target density,S- andP -waves play an essenti
role in annihilation at rest and have to be necessa
included in partial wave analysis. The obtained res
concern partial wave fractions, masses, partial wid
total widths and fractions of vector, scalar and ten
mesons. Here we discuss only the main conclusi
related essentially to tensor and scalar mesons [1]

Besides the well-knownf2(1270) and f ′
2(1525)

a third I = 0 resonance, i.e.,f2(1565), coupled
only to theππ channel is observed (M = 1489±
15 MeV;Γ = 204± 20 MeV). No significative OZI-
rule violation effects have been found inf2(1270)π0–
f ′

2(1525)π0 production.
Four different poles in scalar isoscalar (f0(400–

1200),f0(980), f0(1370) andf0(1500)), one in scalar
isospinor (K∗

0(1430)) and two in scalar isovector se
tors (a0(980), a0(1300)) are necessary to reprodu
the experimental data. Of the two higher mass sc
isoscalar poles, i.e.,f0(1370) andf0(1500), the mass
and the total width of the first are compatible w
the values expected for a dominantuū + dd̄ state
(M = 1373± 15 MeV; Γ = 274± 20 MeV), the
mass scale of the nonet being fixed byK∗

0(1430). For
this reason if we interpret thef0(1500) as a pureqq̄
state we are forced to require a dominantss̄ compo-
nent. Nevertheless, the obtained ratio of partial wid
ΓK �K/Γππ = 0.25± 0.03 suggests a smallss̄ contri-
bution not compatible with the large value expec
for a genuiness̄ state. This fact leads to reject th
hyphotesis of a pureqq̄ state in favour of a relevan
gluonic component. The definitive assignment of s
J = 0 to fJ (1700) [29] and the large fraction ofss̄
in this state [30], the suppression off0(1500) in γ γ
collisions and the observation off0(1700) [31], sup-
port this interpretation (see also [32]). The remain
members of theJP = 0+ SU(3) multiplet are the four
states associated toK∗

0(1430), here observed in inter
fering states of different charge, and thea0(1300) ob-
served in all its charged states. Thea0(1300)mass pa-
rameters (M = 1303± 16 MeV; Γ = 92± 16 MeV)
confirm our previous measurement in single ch
nel analysis [27] and agree with the values expec
for a uū + dd̄ state which has to be lighter tha
K∗

0(1430).
The completion ofJP = 0+ SU(3) multiplet pre-

vents to interpret the remaining three scalarsf0(980),
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f0(400–1200) anda0(980), asqq̄ states. These state
could be associated to the mesonic molecules (qqq̄q̄)
predicted by Jaffe [34]. These molecules, formed
the QCD Breit interaction, occur in the lowest e
ergy state in a 3f ⊗ 3̄f nonexotic flavour configura
tion with an inverted mass spectrum where the low
massI = 0 molecular state (f0(400–1200)) is fol-
lowed by four intermediate massI = 1/2 states (prob
ably observed by [35], see also [36]) and by th
I = 1 (a0(980)) and oneI = 0 (f0(980)) mass de-
generate states. The recent measurements off0(980)
anda0(980) radiative branching-ratios [37,38] suppo
this interpretation. If the molecular states hyphotes
correct also excited states in 6f ⊗ 6̄f flavour configu-
ration are expected in the energy region above 1 G
[34]. These 36 states are shared among the isospin
uesI = 2(0),3/2(1),1(0,2),1/2(1,3),0(0,2,4) (be-
tween brackets are indicated the number of stra
quarks contained in the correspondingqqq̄q̄ state).
The I = 2 resonance, observed inπ+π+ invariant
mass at about 1.4 GeV [39] fixes the mass value
a qqq̄q̄ state without strange quarks. This fact cou
suggest that also theI = 1 resonancea0(1450), ob-
served inηπ channel by the Crystal Barrel Collab
ration, could be aqqq̄q̄ state without strange quark
Following this hyphotesis the quark line rule and t
dominance of the rearrangement diagrams could
explain why this state is observed by Crystal Bar
in ηπ and η′π and not by Obelix inK �K . In this
frame also an alternative interpretation off0(1370)
andf0(1500) is possible. In fact if we assume the
states asqqq̄q̄ states orqqq̄q̄–qq̄ mixed states the
large 4π decay mode off0(1370) and the relatively
reducedK �K coupling off0(1500) could be explained
by the quark line rule and the dominance of the
arrangement diagrams.
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