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Semihadronic and hadronic decays of o° and @ mesons coherently photoproduced in isoscalar nuclei
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The interference of p° and @ mesons has been studied in the hadronic and leptonic decay channels, i.e., dipion
and dilepton decay channels respectively, but this interference has not been studied yet in the semihadronic or
semileptonic decay channel, e.g., V — 7%y. V denotes either a p° or w meson. To look for this interference in
the 7%y decay channel as well as the contribution of the p meson to the cross section, the correlated 7%y invariant
mass distribution spectra are calculated in the photonuclear reaction in the multi-GeV region. It is assumed that
these bosons arise in the final state due to the decay of p° and w mesons which are photoproduced coherently in the
isoscalar nucleus. The elementary reaction in the nucleus is considered to proceed as yN — VN,V — 7% . The
forward propagation of the p and w mesons and the near forward emission of pions are considered, so that they
can be described by the eikonal form. The meson-nucleus interactions are evaluated using the #o approximation.
Replacing the decay vertex V — 7%y by V — n*7~ in the above formalism, it is also used to study the p-w

interference in the 77~ decay channel.
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I. INTRODUCTION

It is well known that dipion (i.e., 7t ~) and dilepton
(e.g.,ete™, utu™, ..., etc.) emissions in reactions (multi-GeV
region) occur because of the decay of p° and @ mesons,
produced in the intermediate state of the reactions. The data of
these reactions are described better because of the interference
of p and @ mesons [1]. The eTe™ — 77~ reaction has been
understood as ete” — y — V — ntn~ (see [2] and the
references therein). The symbol V is used to describe the
vector meson, i.e., either ,00 or w meson, throughout the text.
Although the dominant contribution to the cross section of the
ete™ — w7~ reaction arises due to the p meson, the data
are better reproduced because of the inclusion of the w meson
contribution in the reaction. The p-» mixing parameter and
pion form factor [2] have been described well in the study of
this reaction.

The distinct p-w interference has also been seen in dilep-
ton production in photonuclear reactions in the multi-GeV
region [3,4]: YA — VA; V — ete™. Various quantities, such
as the y-V coupling constant, the relative phase between the
p and @ mesons production, etc., have been extracted from
the study of this reaction. The p-w interference was also
studied in the eTe™ production (due to the decay of the vector
mesons produced near threshold) in photoinduced reactions on
nucleons [5]. Recently, measurement of the dilepton emission
was reported by JLab in the search for p-w interference in the
y-proton reaction [6]. It is worth mentioning that the p° meson
photoproduced in multi-GeV nuclear reactions was detected by
the w+m~ [7] since the decay branching ratio of p° — 7+~
is ~100%. Although the branching ratio of the w meson to
the w7~ decay channel is very small compared to that of the
p° meson, the p-w interference is also visible in the 77~
photoproduction reaction on nuclei [§—10].

“swapand @barc.gov.in

2469-9985/2016/94(2)/025204(7)

025204-1

It must be mentioned that the p-w interference has been well
studied in the hadronic and leptonic decay channels but not
for the semihadronic (or semileptonic) decay channels, e.g.,
V — 7% . Recently, correlated 7°y emission (in the GeV
region) was studied in the photonuclear reaction to investigate
the modification of the w meson in the nucleus [11]. However,
the contribution of the p meson to this reaction is never
incorporated because (as shown latter) it is too small in the
 meson peak region.

As stated earlier, the contribution of the w meson to the
7T~ production in the e*e™ and y A reactions is negligibly
small (compared to that of p° meson) but the data are better
reproduced due to the p-w interference [2,9]. In fact, this
would never have been known if the contribution of the w
meson had not been included in the calculation. Therefore, the
contribution of the p meson to the 7y production reaction
should be studied so that the change in the cross section of
the reaction because of the p meson (and p-w interference)
can be recorded. To disentangle it, both p? and w mesons are
included in the calculation for the cross section of the 7%y
invariant mass distribution in the photonuclear reaction; i.e.,
the 7% and y bosons in the final state are considered to arise due
to the decay of both p° and @ mesons produced coherently in
the intermediate state of the reaction. The elementary reaction
occurring in the nucleus is assumed to proceed as yN — VN,
V —> noy, where V denotes the vector meson (i.e., p or @
meson, as mentioned earlier).

The forward production of the vector meson in the reaction
is considered since it ensures the coherence of its production
amplitude in a nucleus [4,8]. The emission of pions is
also considered near the forward direction. Both the vector
meson propagator and the pion distorted wave function are
expressed by the eikonal form. The meson nucleus interaction
(optical potential) is evaluated using the fo approximation.
The isoscalar nuclei are consider in the reaction so that
the one-pion exchange contribution to the vector meson
(specifically, @ meson) production in the nucleus can be
ignored [4,8]. Considering the decay channel V — mtm~
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instead of V — noy in the reaction mechanism stated above,
it can be used to describe the 7w T~ emission due to the decay
of the vector meson produced coherently in the photonuclear
reaction. Therefore, the formalism is developed to calculate
the cross sections for both 7%y and 7w +7~ invariant mass
distribution spectra in this reaction.

II. FORMALISM

The (y,V — ab) reaction on a nucleus consists of three
parts: (i) the vector meson V photoproduction in the nucleus,
(ii) the propagation of this meson through the nucleus, and (iii)
the decay of vector meson V into ab (i.e., V — ab) in the final
state, where ab represents either 7%y or w7 ~. The first part
can be described by the generalized potential or self-energy of
the vector meson in a nucleus [12], i.e.,

My asva@®) = K fynvn(0)o(r), (D

with K = —4w Ey(1/Ey + 1/Ey). fyn—vuy is the amplitude
of the elementary reaction: y N — VN. The symbol “~”
on the quantities denotes those in the y N center-of-mass
(c.m.) system. o(r) represents the matter density distribution
of the nucleus. As mentioned earlier, the one-pion exchange
contribution can be neglected for the vector meson production
in the isoscalar nucleus [4,8].

The propagator of the vector meson can be expressed
as (—g! + m%k"ﬁkv,v)Gv(m; r —r’') [11,13], where the scalar
part of it, i.e., Gy (m,r — r’), describes the propagation of this
meson from its production point r to its decay point r’. For
the forward going vector meson, Gy (m,r — r’) can be well
described by the eikonal form, i.e.,

Gy(m;r—1)=58b —b)o( — Z)eik"'(r_r,)DkV(m;b,z/,z).
2

The factor Dy, (m;b,z’,z) in this equation carries information
about the nuclear effect on the vector meson during its
propagation through the nucleus, since it involves the vector
meson nucleus optical potential Vyy. The expression for
Dy, (m;b,7',2) is
Dy, (m;b,7',2)
i

= — exp

x| — /'dZ”{Ga‘}(m)_ZEVVOV(b,Z”)} NE)
2ky |

z

where Gy (m) = m> — m% + imy Ty (m) is the inverse of the

free space vector meson propagator. my is the pole mass of this
meson; m o = 775.26 MeV and m,, = 782.65 MeV, as listed
in Ref. [14]. All other symbols carry their usual meanings.

The y wave function is described by the plane wave
associated with its polarization vector. As mentioned earlier,
the particles ab in the final state (i.e., the decay products of the
vector meson) are considered to be either 7™y or 77 ~. For
pion emission near the forward direction, the wave function
can be written in eikonal form [11,15], i.e.,

X T (ke x') = e * T DI (D,2), @)
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where Dl(;)*(b,z’ ) denotes the distortion due to the pion-
nucleus interaction (i.e., pion-nucleus optical potential V).
It is given by

IRV i o0
D *(b,2) = exp [—U— / dz, vo,[(b,z,,)}, 5)
|l Jz
where v, is the velocity of the pion.
The T matrix Ty; of the coherent (y,V — ab) reaction

on a nucleus is related to its reduced matrix M ¢; as Ty; =
M fi

———=——, where M ; can be written as
JQE,2E2E,) -
M= > TvaFyyoa. 6)
V=p'0

I'yap in this equation describes V — ab decay vertex. The
Lagrangian for it is given later. F, y_, 4, represents the space
part of My, i.e.,

Fyv—ap = (ab|Gy(m;r — )y avamly). (1)

Gy (m;r —r') and the wave function for the particles a and b
are given in Egs. (2) and (4) respectively.

The cross section of the coherent (y,V — ab) reaction on
a nucleus is given by

_en

UyA

do 8 (ki — k)T 5D fizap,an[dk/Q27) 17, (8)

where v, 4 is the relative velocity of the incident y with respect
to the target nucleus A, i.e., v 4 = |v, — v4|. The primed
quantity, A’, denotes the recoil nucleus. The annular bracket
around T; represents the average over initial states and the
summation over final states.

III. RESULT AND DISCUSSIONS

The total decay width of the vector meson I'y(m),
appearing below Eq. (3), is composed of the partial widths
of its various decay channels [14]: T j(m) = 99.94 x
IO’ZFpuﬁﬂT(m) 4+ 6.0 x 10’4Fpo%noy(m) and I',(m)=
89.9 x 1072y z+r-r0(m) + 8.5 x IO‘ZFwﬁnoy(m)—i—lﬁx
10720, r+5-(m). The partial decay widths are illustrated in
Ref. [16].

The meson nucleus optical potentials Vo [ie., Voy
in Eq. (3) and Vp, in Eq. (5)] are evaluated using 7o
approximation [15,17]. According to it, Vi, is given by

Vou(r) = —”TMU + oyl o), ©)

where vy, is the velocity of the meson M. o(r) has been defined
in Eq. (1). The scattering parameters oy, and o,V denote the
ratio of the real to imaginary part of the meson nucleon forward
scattering amplitude fj,y(0) and the meson nucleon total cross
section respectively.

The imaginary part of f),y for the vector meson is extracted
from the data of the elementary y N — V' N reaction using
the vector meson dominance (VDM) model [18-20]. The
typical values of o,V (in the considered energy region, i.c.,
3-5 GeV) at ky =4 GeV/c are o/” ~35 mb [18] and
0"’ ~ 40 mb [20]. The real part of the p° meson—nucleon
scattering amplitude f,y is taken from the calculation of
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Kondratyuk et al. [18], which reproduces the data in this
energy region. For the w meson—nucleon scattering, o,y have
been calculated using the additive quark model and Regge
theory [19]: @y = PRl Taserss, with 5o = 1 GeV?,
€ = 0.08, and n = —0.45. In fact, the vector meson dominance
(VMD) model relates fyy to f,y— vy [i.€., the vector meson

photoproduction amplitude used in Eq. (1)] as f,y—vy =

—V];‘: fun- Oy 1s the fine structure constant. yy is the

photon to vector meson coupling constant as described in the
VMD model [21]. The values of y, and y,,, extracted from
the measured width of V — ete™ [14], are 2.48 and 8.53
respectively [22]. For the pion-nucleon scattering amplitude,
the energy dependent experimentally determined values of
fren are listed in Ref. [23]. The m° meson—nucleon scattering
amplitude f,oy is estimated (using isospin algebra) as foy =
%[ Jx+~n + fx-~]. They are used to evaluate the pion-nucleus
optical potential.

The calculated ab (i.e., either noy or 7 7 ~) invariant mass
distribution spectra are presented in the figures, where the
long-dashed curve represents the cross section due to w meson.
The cross section because of the p° meson is shown by the
short-dashed curve. The dot-dashed curve arises because of the
incoherent contribution of these mesons to the cross section
of the reaction, i.e., the summation of the cross sections of
the coherent (y,p° — ab) and (y,w — ab) reactions on the
nucleus. The solid curve illustrates the coherently added cross
sections of these reactions; i.e., the amplitudes of the reactions
are added to get the cross section. The dot-dot-dashed curve
shows the contribution to the cross section arising due to the
p-w interference.

A. (y,V — n'p) reaction

The cross sections for the 7%y invariant mass distribution
in the coherent (y,V) reaction on the isoscalar nuclei are
calculated using the formalism (developed in the previous
section) where the particles a and b in the final state are
replaced by 7% and y bosons respectively. The V — 7'y
decay is described by the Lagrangian [20,24]

Lyzy = @gw&,amﬁn L 3°Ve, (10)
my

where fy, denotes the Vrry coupling constant. The width of
this decay [16] is given by

k(m)
k(my)

3
FV—n‘rOy(m) = FV—>n°y(mV)|: ] O@m —my), (1)

where k(m) is the momentum of the pion originating due to the
vector meson of mass m decaying at rest. Since the final state
interaction of the y boson is negligible, F), v_, . in Eq. (7) can
be expressed as

00
Fy,V%nDy = /dl"/ dZ/D](;g*(b7Z/)Dkv(m;b,Z/9Z)
4

x e/ 0RO 4y 4(r). (12)

The double differential cross section for the correlated 7%y
invariant mass m distribution in the coherent (y,V — n%y)
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reaction on a nucleus, using Eq. (8), can be written as
2

do
dm d<2 = Proy Z F‘I//irro)/(m)FV»V%noy ) (13)
14
V:poﬁw

where P, in this equation arises because of the phase-space
1 kim?E
@Y Eylky Ei—k, cosOy Ev|’
the energy of the recoiling nucleus. The 7y invariant mass
distribution spectra are calculated for the fixed 7° meson
emission angle (6,0 = 1°) in the multi-GeV region. The bosons
in the final state (i.e., 7° and y) arise due to the decay of the
forward (6y = 0°) going vector meson (i.e., p° or w meson)
which is photoproduced coherently in the isoscalar nucleus.
The calculated 7%y invariant mass distribution spectra for
12C nucleus (aisoscalar nucleus) are shown in Fig. 1. The beam
energy E, is taken equal to 3 GeV. The density distribution
o(r) of this nucleus is described by the harmonic oscillator
Gaussian form [25], i.e.,

o(r) = ol 1 + w(r/c)*le ", (14)

with w = 1.247, ¢ = 1.649 fm. Figure 1 shows that the cross
section at the peak due to w meson (long-dashed curve) is
distinctly largest. It appears at the pole mass of @ meson, i.e.,
m ~ 0.78 GeV. In this region, the cross section because of the
0" meson (short-dashed curve) is negligibly small compared
to the previous result. The peak cross section, as shown in
Fig. 1(a), is increased by ~12% because of the inclusion of
the p° meson contribution in the calculated cross section.

It should be mentioned that the distinct p°-w interference
inthe 777~ and eTe™ decay channels has been seen beyond
the peak of the cross section [4,9]. To explore that in the
7% decay channel, the calculated cross section away from
the peak region is presented in Fig. 1(b) for the '2C nucleus.
The p-w interference is distinctly visible in this figure in the
regions of m below (m < 0.76 GeV) and beyond (m > 0.80
GeV) its value at the peak position. This figure also shows
that the enhancement in the calculated cross section due to
the inclusion of the p meson (as shown in Fig. 1) is much
larger than that occurring at the peak of the cross section, and
this enhancement increases as m moves away from its value
at the peak position. Figure 1(b) shows that the contribution
of the p meson to the cross section is comparable to that of
the w meson at m (GeV) ~0.64 and 0.92. In these regions of
m, the calculated cross section is increased by ~100% due
to the p-w interference. In fact, the cross section is increased
drastically (a factor of ~3.5) because of the p meson, resulting
in a remarkable change in the shape of the 7y invariant mass
distribution spectrum in the regions a few hundred MeV away
from its peak.

To look for the contribution of the p” meson at higher
energy, the 7%y invariant mass distribution spectra of the
considered reaction are calculated at E, =5 GeV. The
calculated results, presented in Fig. 2, illustrate that the 7y
invariant mass m distribution spectra at 5 GeV are qualitatively
similar to those at 3 GeV; see Fig. 1(b). The p- interference
and the change in the spectral shape (because of the p meson)
in the region of m a few hundred MeV away from its value
at the peak position are also noticeable in this figure. The

of the reaction: Pro, = E 4 denotes
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FIG. 1. The 7% invariant mass m distribution spectra in the
coherent (y,V) reaction on the '>C nucleus. The enhancement in
the cross section due to the p° meson is distinctly visible beyond
the peak region. See the text for an explanation of various curves
appearing in the figure.

magnitude of the cross section is significantly increased with
the beam energy. At the peak, it is enhanced by a factor of
3 due to the increase in the beam energy from 3 to 5 GeV.
The cross section is increased from 47.3 ub/(GeV sr) to
0.12 mb/(GeV sr) at m = 0.64 GeV, and it is increased from
59.52 ub/(GeV sr) to 0.29 mb/(GeV sr) at m = 0.92 GeV
because of this enhancement in the beam energy.

Since large cross section away from the w-meson peak
region in the 7%y invariant mass distribution spectrum is
preferable to study the p-w interference, a heavy nucleus
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FIG. 2. The same as in Fig. 1(b) but for the beam energy 5 GeV.

should be considered for it. Therefore, the cross section of
the considered reaction for *°Ca (a heavier isoscalar nucleus)
is calculated at 5 GeV. The density distribution o(r) of
this nucleus can be described by a three-parameter Fermi
distribution function [25]:

1+ w(r/c)2
1 +exp[(r —c)/z]’

with w = —0.1017, ¢ = 3.6685 fm, and z = 0.5839 fm [25].
The calculated spectra, as shown in Fig. 3, are qualitatively

5)

o(r) = 0o

T T T T T T T T T T T T T
1V=p" or ® meson _ po meson |
108 5 4OCa(y,Vercoy)ém(?a — — © meson g
JE =5 GeV — —~Incoh. conj
1 —— Int. con. 1
> | Coh. con. |
]
= 102 3 E
= E 3
7 ] ]
> E h
Q . .
9 ] |
K=}
£ o 4 3
o E 3
<= ] ]
£ E i
= : -
O 2~ . ~
100 = ~—_ N
EPR=d ~~>_ 13
¥ // T
1= g
10 T T T T T T T T T T T T T
0.66 0.70 0.74 0.78 0.82 0.86 0.90
m (GeV)

FIG. 3. The same as in Fig. 2 but for the “’Ca nucleus.

025204-4



SEMIHADRONIC AND HADRONIC DECAYS OF p°

similar to those presented in the previous figures. The cross
section for “’Ca is significantly large compared to that for
the '2C nucleus. As shown in this figure, the cross section at
m = 0.64 GeVis 1.15mb/(GeV sr) anditis 1.91 mb/(GeV sr)
atm = 0.92 GeV.

The ratio of the amplitude of ,00 meson to that of the w

172
; see Eq. (13). The value

L

meson is given by § = o7 I K
w—>T1 y.o—=>aty

of & for the '2C nucleus (calculated atmpo)is >~ 1.17 x 107!
and the relative phase ¢ of these mesons is equal to61° at E,, =
3 GeV. At higher energy, ie., E, =5 GeV, the calculated
values of £ and ¢ for this nucleus are 1.24 x 10~! and 63°
whereas those for the “°Ca nucleus are found to be equal to
1.28 x 107! and ¢ ~ 61°.

B. (y,V = ntx~) reaction

The formalism already described is used to calculate the
cross section for the 7+~ invariant mass distribution spectra
in the coherent (y, V') reaction on the nucleus. In this reaction,
the vector meson V decay products a and b (appearing
in the formalism) are 7+ and m~ respectively. The La-
grangian, which describes V — 77~ decay [21,26], is given
by

Lygiz- = ngrVM (T x 8M7T), (16)

where gy, denotes the Vr coupling constant. The param-
eterized form of this decay width [16] can be written as

k(m)
Ly ogin-m) =Ty_pip- (mV)< )[k(m ):|
|4

X O(m — 2my), (17)

where k(m) is defined in Eq. (11). The form of F,v_oap in
Eq. (7) for V — mtm~ decay is given by

o0
F)’,V—)n*;f = /dr/ dZ,D( )*(b’z )D( )*(b Z)
b4

x Dy, (m;b,z/,2)e’® ¥, 4y a(r).
(18)

The double differential cross section d d for the w¥m~
invariant mass m distribution of the considered reaction on
12¢ nucleus is calculated to compare that with the data for the
vector meson momentum ky = 6.4 GeV and the transverse
four- momentum transfer 7 = —0.001 GeV>. The expression

for i dt,usmg Eq. (8), can be written as
2
do 1/2-1/2
dmdt - Pﬂ+n7 Z my FV—>7r+rr*(m)F)/.,V~>7r+n* ’
V=p"»
(19)
kaEA/

with Py+,- The calculated ratio &

(Zn)* m
of the amplitudes of p° and w mesons and the relative
phase ¢ of them are found to be equal to 8.66 x 10~ and
~265° respectively. The measured w7~ invariant mass m
distribution spectra due to the decay of vector mesons and
backgrounds, taken from Ref. [10], are presented in Fig. 4.
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FIG. 4. The calculated 7wtz ~ invariant mass m distribution
spectra in the coherent (y,V) reaction on the '>C nucleus. The
data along with the background curves are taken from Ref. [10]. As
mentioned there, the background curves are due to the interference
with nonresonant 77 emission (dot-dashed curve), the nonresonant
mr emission (dot-dot-dashed curve), and other background (long-
dashed curve). The calculated results (added with the backgrounds)
are compared with the data. The solid curve arises because of the
contribution of the @ meson being coherently added to that of the p°
meson (short-dashed curve).

The calculated spectra (added with the backgrounds) are also
shown in this figure. The short-dashed curve represents the
cross section due to the p° meson. The solid curve arises
because of the contribution of the w meson coherently added
to the previous curve. This figure shows that the calculated
spectrum due to the p meson is in good accord with the data.
The change in this spectrum due to the inclusion (coherently)
of the w meson contribution is insignificant except for a
sharp peak appearing at the pole mass of this meson, i.e.,
» = 782.65 MeV.

It should be mentioned that the decay width 'y, ;+ - (m,,),
equal to 0.13 MeV, is negligibly small compared to
oo pin-(mpo), ie., ~149 MeV. Therefore, a peak due to
the @ meson is not expected in the 7+~ invariant mass
distribution spectrum. To explore the origin of the sharp
peak appearing at the w meson pole mass (i.e., m = m,,) in
Fig. 4, the cross sections due to % and w mesons (along
with their interference) are plotted in Fig. 5. This figure
shows that the cross section due to the @ meson (long-
dashed curve) is negligibly small compared to that because
of the p° meson (short-dashed curve), but the cross section
due to the p-w interference (dot-dot-dashed curve) is very
significant at m = m,, in the 7 "7~ invariant mass distribution
spectrum. Therefore, the sharp peak distinctly visible at the
o meson pole mass in Figs. 4 and 5 arises because of this
interference.
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FIG. 5. The calculated 7 *7r ~ invariant mass m distribution spec-
tra originating due to the decay of p° and w mesons photoproduced
coherently in the '?C nucleus. The various curves are explained in the
text.

IV. CONCLUSIONS

The p-w interference is studied in the 7%y and w+ 7~ decay
channels of ,00 and w mesons, which are considered to be
produced coherently in photoinduced reactions on isoscalar
nuclei. The distinctly dominant contribution to the cross
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section of the w°y invariant mass distribution arises due
to the @ — 7%y channel in the peak region. Therefore, the
0" — 7 channel can be ignored for studying the physical
phenomena associated with the @ meson (e.g., the modification
of this meson in a nucleus) in the peak region. A few hundred
MeV away from this region, the p° — 7%y channel is very
important because the contribution of this channel to the cross
section is comparable to that of @ — 7%y channel. The cross
section is also significantly increased in these regions due to
the p-w interference. Therefore, the cross section of the 7%y
invariant mass distribution spectrum is drastically increased
and the shape of it is remarkably changed due to the p meson
in the above-mentioned regions of the spectrum. The cross
section increases with the size of the nucleus and beam energy.
The measurable cross section exists (specifically for a heavy
nucleus and high energy) in the regions of 7y invariant mass
distribution spectrum where the contribution of the p meson
and the p-w interference is significant.

The spectrum calculated for the 7w * 7 ~ invariant mass distri-
bution due to the p° meson reproduces the data reasonably well
except in the w meson peak region. The calculated results show
that the cross section because of the @ meson is insignificant
compared to that due to the p meson. The cross section due to
the p%-w interference is significantly large at the pole mass of
the w meson, resulting in a sharp peak at this mass appearing
in the 7t~ invariant mass distribution spectrum.
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