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Annihilation range and final-state interaction in p̄p annihilation into pÀp¿
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F-75252 Paris Cedex 05, France

~Received 29 January 2003; published 30 July 2003!

The large set of accurate data on differential cross section and analyzing power from the CERN LEAR

experiment onp̄p→p2p1, in the range from 360 to 1550 MeV/c, is well reproduced within a distorted wave

approximation approach. The initialp̄p scattering wave functions originate from a recentN̄N model. The
transition operator is obtained from a combination of the3P0 and 3S1 quark-antiquark annihilation mecha-
nisms. A good fit to the data, in particular, the reproduction of the double-dip structure observed in the
analyzing powers, requires quark wave functions for proton, antiproton, and pions with radii slightly larger
than the respective measured charge radii. This corresponds to an increase in the range of the annihilation
mechanisms, and consequently, the amplitudes for total angular momentumJ52 and higher are much larger
than in previous approaches. The final-statepp wave functions, parametrized in terms ofpp phase shifts and
inelasticities, are also a very important ingredient for the fine tuning of the fit to the observables.

DOI: 10.1103/PhysRevC.68.014003 PACS number~s!: 12.39.Jh, 13.75.Cs, 21.30.Fe, 25.43.1t
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I. INTRODUCTION

The very accurate set of data from the LEAR experim
@1# on p̄p→p2p1, measuring the differential cross sectio
and analyzing power from 360 to 1550 MeV/c, is still a
challenge for all theoretical models after more than a deca
Large variations are observed in the analyzing powerA0n as
a function of angle at all energies, indicating the presenc
several partial waves already at low energies. However,
cent model calculations@2–7# lead to scattering amplitude
which are strongly dominated by total angular moment
J50 andJ51. The reason for this is the choice of a rath
short range annihilation mechanism. The short range of
annihilation in the model calculations originates from t
dynamics of baryon exchange in Refs.@2–4,7# or from the
required overlap of quark and antiquark wave functions
proton and antiproton in Refs.@5,6,8#. On the other hand, the
experimental data on differential cross sections as wel
those on asymmetries point to a significantJ52, J53, and
even higherJ contributions@9–12#.

All above mentioned models, for this reaction, use a d
torted wave approximation~DWA!. The ingredients for cal-
culating thep̄p→p2p1amplitudes consist of~i! the initial
p̄p scattering wave functionsC p̄p(r ), ~ii ! a transition opera-
tor O(r 8,r ), and ~iii ! the final-statepp wave function
Cpp(r 8). The complete scattering amplitudeT itself, con-
structed in a DWA fashion, is given by

T5E dr 8dr Fpp~r 8!O~r 8,r !C p̄p~r !. ~1!

For example, in Ref.@5# the transition operatorO(r 8,r ) was
obtained from a combination of3P0 and 3S1 quark-
antiquark annihilation model,
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O~r 8,r !5N0@V3P0
~r 8,r !1l V3S1

~r 8,r !#, ~2!

where the relative strengthl is a complex parameter andN0
an overall real normalization factor. In the same referen
C p̄p(r ) was provided by the 1982 ParisN̄N potential model
@13# andFpp(r 8) was a simple plane wave. This work di
not succeed in reproducing the double-dip structure of
analyzing power and the forward peak in the different
cross section as seen experimentally at, for exam
497 MeV/c. All models referred to above exhibit similar dif
ficulties.

The aim of the present paper is to study possible impro
ments of the previous models. First of all, mesonic final-st
interaction should be considered. The total energy of
p̄p→2p reaction for the studied dataset is in the 2 Ge
range. In this energy region, thepp interaction is character
ized by several resonances@14#. In Refs. @4,6#, the role of
pp final-state interactions was studied. In Ref.@4#, some
improvement was obtained using app model reproducing
the real part of thepp phase shifts with inelasticity param
eters in allJÞ0 partial waves remaining close to 1. In Re
@6#, which explores the3P0 part of the quark-antiquark dy
namics in the transition operator, the final-state interact
affects mainly observables in the backward region. In b
approaches, the double-dip structure observed in the exp
mental data of the analyzing power remains elusive and
ther study is still needed. Final-state interactions of two m
sons in N̄N annihilation have also been studied, at qua
level, within an extension of the quark rearrangement mo
@8#. Results were reported for the branching ratios of dec
into various two-meson channels. Unfortunately, there are
predictions from this work for differential cross sections
analyzing powers.

Within the approach of Ref.@5#, we will study the effect
of final-state interactions guided by thepp coupled channel
model of Ref.@15#. Second, we will study predictions fol
lowing modification of the annihilation operatorO(r 8,r ). As
©2003 The American Physical Society03-1
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remarked above, this operator has a rather short range i
the present models. The reason for the short range ofO(r 8,r )
in the quark-antiquark annihilation model, is that the antip
ton and proton have a relatively small radius since th
quark wave functions describe only theqqq and q̄q̄q̄ core
ignoring the q̄q cloud. It could be a cause of discrepan
between theory and experiment. In Ref.@5#, it has already
been noticed that an increase of the annihilation range
proves substantially the theoretical description of the dat

In the present work it is shown that thepp final-state
interaction is a very significant tool for the fine tuning of th
fit to the observables. Furthermore, the parameters that
termine the sizes of protons and pions are also crucial.
increase of both proton and pion sizes, in closer agreem
with their measured radii, allows for a much better fit to t
experimental cross sections and analyzing powers. The
pressions of the observables in terms of the basic amplitu
together with the DWA ingredients are briefly recalled
Sec. II. The description of the final-state interaction is p
formed in Sec. III. The modifications of the range of t
annihilation mechanisms are studied in Sec. IV. Sec. V p
sents the final results and the conclusions are summarize
Sec. VI.

II. OBSERVABLES AND DWA INGREDIENTS

The reactionp̄p→p2p1 can be fully described in the
helicity formalism by two independent helicity amplitude
F11(u) andF12(u). The angleu is the c.m. angle betwee
the outgoingp2 and the incomingp̄. There are four possible
observables@16#

ds

dV
5

1

2
~ uF11u21uF12u2!, ~3!

A0n

ds

dV
5Im~F11F12* !, ~4!

A,s

ds

dV
5Re~F11F12* !, ~5!

Ass

ds

dV
5

1

2
~ uF11u22uF12u2!. ~6!

So far, onlyds/dVandA0n have been accurately measur
at LEAR @1# . For completeness, we recall here the part
wave expansion of the helicity amplitudes@16# as

F11~u!5
1

p (
J

A~2J11!/2

3@AJ fJ21
J 2AJ11 f J11

J #PJ~cosu!, ~7!

and
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F12~u!5
1

p (
J

A~2J11!/2

3FA1

J
f J21

J 1A 1

J11
f J11

J GPJ8~cosu!. ~8!

The indicesJ andL5J61 are the total and orbital angula
momentum of thep̄p system, respectively.PJ(cosu) and
PJ8(cosu) denote a Legendre polynomial and its derivativ
The angular momentum of thepp system is,pp[J. Be-
cause of parity conservation there are noL5J amplitudes in
the above expansion. The total isospin isI 50 for evenJ and
I 51 for oddJ. In Eqs.~7! and~8!, p is the magnitude of the
antiproton center-of-mass~c.m.! momentum.

The partial-wave amplitudesf L
J for L5J61 are calcu-

lated following the DWA method of Eq.~1!. One ingredient
is the initial coupled spin-tripletC p̄p(r ) wave function in
configuration space as obtained in Ref.@17#. The operator
O(r ,r 8) is constructed from the quark model description
protons and pions combined with the3P0 and 3S1 quark-
antiquark annihilation and rearrangement mechanism@5#.
The last ingredient is thepp scattering wave function
Fpp(r 8), which in this paper will be built according to
study of a realisticpp scattering model@15#, while also
comparisons will be made for a simple plane wavepp final
state. Subsequently, one obtains the differential cross sec
ds/dV and the analyzing powerA0n or the left-right asym-
metry for the proton target polarized normal to the scatter
plane.

III. FINAL-STATE INTERACTION

First, we assume no interaction between the final pio
and describe thepp scattering wave functionFpp(r 8) as a
plane wave. In this case, the overall normalization
ds/dVand the relative strengthl between3P0 and 3S1 an-
nihilation mechanism are parameters to be determi
throughx2 minimization. Out of the twenty energies whe
polarization data are available@1#, we chose a representativ
set of five energies,Tlab566.7, 123.5, 219.9, 499.2, an
803.1 MeV, corresponding to antiproton momenta of, resp
tively, plab5360, 497, 679, 1089, and 1467 MeV/c. Tlab is
the laboratory kinetic energy of the antiproton beam.
123.5 MeV (plab5497 MeV/c) and 219.9 MeV (plab
5679 MeV/c), we do reproduce the results of Ref.@5# using
their parameters. Results for the set of five energies
shown in Figs. 1–5 as short-dashed curves. The overall
are poor with the exception of the analyzing powerA0n at
803.1 MeV (plab51467 MeV/c). The double-dip structure
of A0n is not reproduced at the three lowest energies of
set considered here, which can be attributed to the very s
values of theJ>2 amplitudes predicted by this model.
lack of substantialJ>2 amplitudes is also evident in th
predictions fords/dV at all energies. The forward peak
poorly reproduced. The backward peak, prominent in
data atTlab5499.2 MeV, is also missing in this simplifie
model. Similar findings were obtained previously atTlab
5123.5 and 219.9 MeV by Ref.@5#. As shown in the analy-
sis of Ref. @11#, we recall that largeJ>2 amplitudes are
3-2
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FIG. 1. Differential cross section and analyzing power of the reactionp̄p→p2p1at Tlab566.7 MeV (plab5360 MeV/c). The experi-
mental data are from Hasanet al. @1#. The different curves are described in the text.
o

ase
needed to explain the angular dependence ofA0n and
ds/dV.

One possibility to enhance the amplitudes of higherJ val-
ues could be to introducepp final-state interaction. The
elasticpp→pp amplitude is known from threshold up t
01400
the total relativistic pp energy As51800 MeV, mainly
from analysis of thepN→ppN reaction. The extracted
pp→pp amplitudes can be parametrized in terms of ph
shiftsdJ and inelasticitieshJ , whereJ50, 1, 2, and 3@18#.
In Ref. @15#, a coupled channel model ofpp, K̄K, andrr
FIG. 2. Same as in Fig. 1, but forTlab5123.5 MeV (plab5497 MeV/c).
3-3
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FIG. 3. Same as in Fig. 1, but forTlab5219.9 MeV (plab5679 MeV/c).
n

la at
was proposed to reproduce these phase parametersdJ andhJ
for J50, 1, 2, and 3. TheFpp(r 8) wave functions required
for the final-state interaction ofp̄p→pp, can be constructed
from this coupled channel model in a straightforward ma
ner. However, since the needed energy range inp̄p→pp is
from As51910 to 2272 MeV, one has to rely on extrapo
tion of the coupled channel model results beyondAs
01400
-

-

51800 MeV. Calculations with the correspondingFpp(r 8)
show that the observables are very sensitive to thepp final-
state interaction. Nevertheless, thepp scattering amplitude
from the extrapolated coupled channelpp model still does

not improve the predictions ofp̄p→pp obtained previously
with just pp plane waves. But in this study, we did find th
the off-shell part ofFpp(r 8) does play a very minor role. In
FIG. 4. Same as in Fig. 1, but forTlab5499.2 MeV (plab51089 MeV/c).
3-4



ANNIHILATION RANGE AND FINAL-STAT E . . . PHYSICAL REVIEW C 68, 014003 ~2003!
FIG. 5. Same as in Fig. 1, but forTlab5803.1 MeV (plab51467 MeV/c).
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particular, it was observed that the same predictions of
servablesds/dV and A0n can be obtained using only th
asymptotic part of thepp wave functions. We then exploi
this fact by asserting for the remainder of this paper tha
p̄p→pp the unknownpp final-state scattering can be full
described by the asymptoticpp wave functions param
etrized by thepp phasesdJ and inelasticitieshJ .

We then avoid the problem of extrapolation to highAs by
including these new parametersdJ andhJ in the minimiza-
tion process to obtain realistic fits tods/dV and A0n . Re-
sults of this second fitting procedure are shown as the lo
dashed curves in Figs. 1–5. Switching on the final-statepp
interaction improves the fit ofA0n by readjusting the strengt
of the helicity amplitudes of differentJ. This leads to the
prediction of a double-dip structure inA0n at lower energies.
This feature is a crucial requirement of the data and sh
the need for incorporating the final-state interaction of
pions. However, the predictions fords/dV show only a
modest improvement over the model without final-state
teraction, and the question arises whether there is additi
freedom within the model to ameliorate the present fit.
far, the only variable parameter in the annihilation operato
the relative strengthl, unless one allows variations of th
range of the annihilation mechanism controlled by the
rametersa and b @5#. In the following section, we will in-
vestigate the effects of variations ina andb.

IV. MODIFICATION OF THE ANNIHILATION RANGE

In order to derive the annihilation operatorO(r 8,r ) ~2!,
one can describe the proton, antiproton, and pions in term
quarks and antiquarks with the use of Gaussian wave fu
tions @5#. This amounts to approximate quark confin
01400
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ment by solving the Dirac equation with either a scalar o
vector harmonic oscillator potential. The proton~antiproton!
intrinsic wave function for the annihilation mechanism
given as

c
N
~r1 ,r2 ,r3!5NN expF2

a

2 (
i 51

3

~r i2rN!2G
3x

N
~spin, isospin, color!, ~9!

where r i are the quark~antiquark! coordinates andrN the
nucleon~antinucleon! coordinate. AnS-wave meson intrinsic
wave function is given by

fM~r1 ,r4!5NM expF2
b

2 (
i 51,4

~r i2r M !2G
3xM ~spin, isospin, color!. ~10!

Here r1 and r4 are the quark and antiquark coordinates,
spectively. The coordinate of the meson isr M .

Typical parameter values used before area52.80 fm22

and b53.23 fm22, which correspond to a proton~antipro-
ton! radius of 0.60 fm and a meson radius of 0.48 fm@19#.
This value ofa describes theqqq (q̄q̄q̄) core of the proton
~antiproton!, while the measured charge radius, which for t
proton is about 0.8 fm, includes also the mesonic cloud.
plicit expressions in terms ofa andb for the transition op-
eratorsV3P0

(r 8,r ) and V3S1
(r 8,r ) of Eq. ~2! can be found in

Ref. @5#. However, one can also argue that in modeling
Gaussian wave functions as in Eqs.~9! and~10!, values fora
and b simply should be in accordance with the know
charge radii of the proton and pion. The measured p
3-5
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charge distribution radius@20# is ^r p
2 &1/250.66360.006 fm.

For the proton, we find̂r p
2&1/250.87060.008 fm in the lit-

erature@14#. We are thus left with a certain freedom when
comes to choosing values fora andb, and we can wonde
about the effects on the annihilation mechanism. The va
of the parametersa andb determine effectively the range o
the annihilation mechanism. We can increase the size of
proton and the pion from their original values in Ref.@5# by
decreasinga and b. Then the integration over the intrinsi
quark coordinates of, for example, the wave functio
cp(r1 ,r2 ,r3), c p̄(r4 ,r5 ,r6), fp1(r1 ,r4), and fp2(r2 ,r5)
will result in a larger quark overlap. The corresponding a
nihilation operatorO(r 8,r ) will have a longer range, and
therefore, higher partial waves will contribute to the to
amplitudeT in Eq. ~1! as required by the analyses of th
experimental data of Refs.@9–12#.

Changes ofa andb can furthermore be linked to relativ
istic corrections of the pion wave functionfM(r1 ,r4), as the
kinetic energy of the outgoing pion is much larger than
rest-mass energy. In practical terms, this means that in
center of mass, where the calculation is performed, the p
wave function should not be described as a sphere anym
A proper treatment requires a Lorentz boost of the pion
trinsic wave function from its rest frame to the c.m. fram
Thus, one expects a change in the geometry of the Gaus
shape of the pion@21#. This affects the overlap integral~1!
which could be mocked by a simultaneous alteration oa
andb. We therefore takea andb to be variable parameter
to the extent that they still satisfy physical conditions.

V. FINAL FIT

The results of our final fit, which now includes values
the parametersa,b, l5uluexp(iul),dJ ,hJ , and of the overall
normalizationN0 are shown as solid curves in Figs. 1–5. T
improvement over the previous fits is dramatic but requi
both increased sizes of the antiproton, proton, and pion
well as a tuned final-state interaction. The main achievem
is the reproduction in the differential cross sectionds/dV of
the characteristic forward peaks at lower energies (Tlab
566.7, 123.5, and 219.9 MeV! and backward peaks a
higher energies (Tlab5219.9 and 499.2 MeV!. This clearly
indicates that the increase of the annihilation range now p
duces much larger amplitudes forJ52 and higher. The pre
dictions for the double-dip structure of the analyzing pow
A0n compare much better with the experimental results es
cially for Tlab>219.9 MeV.

In addition to the double-dip structure ofA0n , the experi-
mental data display another characteristic feature: the as
metry shifts from predominantly negative values at low
energies toward positive values at higher energies. Our fi
fit accounts for this pattern. The quark model parametersa,
b, l, and the overall normN0 resulting from this fit are
listed in Table I and the phase shiftsdJ and inelasticitieshJ

of the final-state interaction with their dependence onAs in
Table II. Note that the latter have been readjusted in the fi
fit and differ from thedJ andhJ obtained in the fit presente
in Sec. III. Thepp phases forJ50,1 are small but forJ
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52,3,4 they are substantial. The inelasticitieshJ , in particu-
lar for J52, may indicate the presence of resonances in
channel. From Table I, it is also clear that the parametera
andb are almost constant with energy but have lower valu
at 219.9 MeV. Nevertheless, in Fig. 6, we show~long-dashed
line! that one can obtain a fit of similar quality, keeping th
size parametersa51.09 fm22 and b51.51 fm22 close to
the values at the other four energies. The relative strengl
exhibits an energy dependence. This dependence sho
smooth decrease ofulu with increasingAs, which indicates
that the 3P0 mechanism preponderates at higher energ
The phaseul of l should be compared with the valueul

5180° of Ref.@5#. Furthermore, we find thata decreases by
about a factor of 2.3, whileb decreases by about a factor
2.2. In other words, the proton size in this model increase
^r p

2&1/250.91 fm and the pion radius is noŵ r p
2 &1/2

50.71 fm, which is within 7% of the values of Refs.@14,20#
mentioned in the preceding section.

The dramatic improvement that occurs when the size
rametersa andb take on smaller values, tends to mask t
equally important role of the final-state interaction. If th
final-state interaction is turned off from the very beginni
by fixing the phase parametersdJ50 and hJ51 while
a,b,l are allowed to vary,a andb again decrease signifi
cantly, which confirms an increased annihilation range wit
our model. Nevertheless, the resulting fit without final-st
interaction is far from satisfactory and it is only when w
include final-state interaction that we recover the fit qua
discussed earlier in this section. This is illustrated atTlab

TABLE I. Quark model parameters as function ofTlab.

Tlab~MeV! 66.7 123.5 219.9 499.2 803.1
plab~MeV/c) 369 497 679 1089 1467

a (fm22) 1.20 1.19 1.11 1.20 1.20
b (fm22) 1.54 1.51 1.00 1.54 1.54

ulu 1.200 1.064 0.662 0.545 0.424
ul(°) 197.10 125.68 166.83 176.32 183.2

N0 (105) 5.251 4.804 5.046 4.222 4.667

TABLE II. Phases shiftsdJ and inelasticitieshJ of the final-state
interaction for 0<J<4 as function ofAs.

Tlab~MeV! 66.7 123.5 219.9 499.2 803.1
As ~MeV! 1910.0 1937.0 1983.0 2111.0 2242.0

h0 0.840 0.989 0.937 1.00 1.00
d0 24.57 24.37 26.59 25.24 20.63
h1 0.998 0.995 0.921 0.999 0.914
d1 8.05 4.89 24.14 23.24 21.88
h2 0.756 0.669 0.760 0.818 0.309
d2 35.74 24.49 55.57 37.66 74.95
h3 1.00 1.00 0.808 1.00 1.00
d3 59.66 41.41 62.45 48.15 219.59
h4 1.00 0.997 0.858 1.00 0.990
d4 36.93 241.29 6.19 260.70 61.77
3-6
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FIG. 6. Various fits forTlab5219.9 MeV (plab5679 MeV/c). The solid curve is the same as in Fig. 3. The long-dashed curve repre
a fit with final-state interaction, wherea51.09 fm22 andb51.51 fm22. The short-dashed curve is a fit with no final-state interaction, wh
a51.27 fm22 andb51.53 fm22.
io

or

d
a-
.

e-
that
5219.9 MeV (plab5679 MeV/c) in Fig. 6. The short-
dashed curve represents the fit without final-state interact
and for whicha51.27 fm22 andb51.53 fm22. This short-
dashed curve in Fig. 6 should be compared with the sh
dashed curve in Fig. 3, for whicha52.80 fm22 and b
01400
n,

t-

53.23 fm22. The differential cross section has improve
significantly in the forward hemisphere. However, the an
lyzing power is only marginally better. The solid line of Fig
6 is with inclusion of the final-state interaction. Similar r
sults are obtained at the other energies, which confirms
FIG. 7. Predictions atTlab566.7 MeV (plab5360 MeV/c) for the observablesAl s andAss obtained with the final fit.
3-7
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FIG. 8. Same as in Fig. 7, but forTlab5123.5 MeV (plab5497 MeV/c).
a

pu

ov

in

in order to reproduce the LEAR data, both an increased
nihilation range as well as interaction in the finalpp state
are necessary.

With the present parameters, we can proceed to com
other spin observables for thep̄p→p2p1reaction. We take
the opportunity to present, for each energy considered ab
01400
n-

te

e,

the predictions for the spin observablesA,s and Ass intro-
duced in Eqs.~5! and~6!. We remind the reader that the sp
observables are related by

A0n
2 1A,s

2 1Ass
2 51, ~11!
FIG. 9. Same as in Fig. 7, but forTlab5219.9 MeV (plab5679 MeV/c).
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FIG. 10. Same as in Fig. 7, but forTlab5499.2 MeV (plab51089 MeV/c).
t

di
o

o

as

ns
and that the reactionp̄p→p2p1has only three independen
observables within a sign ambiguity, and of course,ds/dV
is chosen as one of them. At each energy, the correspon
parameters of Tables I and II are used. The results are sh
in Figs. 7–11. The spin observablesA,s and Ass exhibit
again the typical structure with two extrema as a function
01400
ng
wn

f

angle, which take often the form of a double dip. There is
yet no data to compare with.

VI. CONCLUSION

The extensive set of data of differential cross sectio
ds/dVand analyzing powersA0n from the LEAR experi-
FIG. 11. Same as in Fig. 7, but forTlab5803.1 MeV (plab51467 MeV/c).
3-9
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ment @1# on p̄p→p2p1in the range plab

5360–1550 MeV/c can be fitted by the combined mech
nisms 3P0 and 3S1 of the quark-antiquark annihilation
model.

The initial p̄p relative wave functions were taken from
Ref. @17#. It is important to include the final-statepp inter-
action and employ quark wave functions for proton, antip
ton, and pions with radii which are slightly larger than t
respective measured charge radii. Previously used hadro
trinsic quark wave functions@5# describe only the quark cor
of the hadrons without theq̄q cloud, and their parameter
therefore correspond to a considerably smaller radius.
creased hadronic radii lead to an increase in the range o
annihilation mechanism, and as a result, amplitudes foJ
52 and higher are much larger than before. This feature
the model is essential since the experimental data onA0n
exhibit a double dip, which indicates the presence of s
stantial amplitudes ofJ52 and higher, already at lower mo
s
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mentaplab. The relative strength of the3P0 and 3S1 mecha-
nisms shows a smooth energy dependence and suggest
the 3P0 mechanism becomes more dominant at the hig
energies. It is however noted that the pronounced forw
and backward peaks in the cross section require the pres
of both 3P0 and 3S1 mechanisms.
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