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Aspects ofa0-f 0 mixing in the reaction p¢ n\da0
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Some aspects ofa0
0-f 0 mixing effects in the reactionpW n→da0

0 with perpendicular polarized proton beam are
discussed. An angular-asymmetry parameterA is defined to study those effects. It is shown that, for energies
close to the production threshold, the angular-asymmetry parameterA(u,w) is proportional to thea0

0-f 0 mixing
amplitude for arbitrary polar and azimuthal anglesu andw of the outgoinga0 meson. This statement is also
valid for arbitrary energies, but then only at polar anglesu50° andu590°. The mass dependence of the
differential cross sectionds/dmp0h in the reactionpn→dp0h in the presence ofa0

0-f 0 mixing is also
discussed.

DOI: 10.1103/PhysRevC.66.015207 PACS number~s!: 13.60.Le, 13.75.2n, 14.40.Cs, 24.70.1s
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I. INTRODUCTION

The nature of the lightest, virtually mass-degenerate, s
lar mesons a0 ~980! (I GJPC512011) and f 0 ~980!
(01011) is an important and still unsolved problem of ha
ron physics. The quark structure of these mesons is not
established at present time. This issue is also closely rel
to the very interesting problem ofa0-f 0 mixing. A dynamical
mechanism for this mixing close toKK̄ threshold was sug
gested around 20 years ago in Ref.@1#. Since that time a
number of papers have been published in which differ
aspects ofa0-f 0 mixing and the possibilities to measure th
effect have been discussed, see, for example, Refs.@2–7#.
Recently, in Ref.@8#, some new arguments were presented
support of a fairly largea0

0-f 0-mixing intensity. Analyzing
the experimental data@9,10# on the exclusive production o
the a0(980), a2(1320) andf 0(980) resonances inpp colli-
sions atAs529.1 GeV, the authors of Ref.@8# came to the
conclusion that 80%625% of all a0

0 mesons come from the
f 0(980).

The results of Ref.@8# provide certainly a fairly strong
indication for a largea0

0-f 0 mixing. However, for more solid
conclusions, in particular about the quantitative value of
mixing, a thorough analysis is needed. In this context i
important to keep in mind that the mixing can manifest its
in many different physical processes and observables. T
in this paper we want to discuss another consequence o
a0

0-f 0 mixing effect, namely the angular asymmetry of t
reaction

pn→da0
0/ f 0 ~1!

with unpolarized and polarized proton beam. Furthermo
we study the influence of the finite width of the scalar m
sons on the unpolarized as well as the polarized differen
cross section. All these investigations are performed w
special emphasis on how to extract information on thea0 / f 0
mixing.

In the present paper we will address thea0 and f 0 mesons
as resonances. However, it should be stressed that al
results derived in this paper do not need any assump
0556-2813/2002/66~1!/015207~9!/$20.00 66 0152
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about the nature of those scalar mesons. Even if these s
mesons are dynamically generated@11,12#, in the proximity
of the pole the scattering matrix can still be well appro
mated by the propagation of quasiparticles correspondin
elementary fields. The true nature of the propagating ob
is then hidden in the effective parameters of those elem
tary fields. This was shown rigorously by Weinberg for t
case where inelastic channels are absent@13#.

The paper is organized as follows. In Sec. II we revie
some common properties of the production of unstable p
ticles. We start out from the case of a single particle a
then, in Sec. III, generalize the formalism to the two chan
case relevant for the present study. Section IV contain
discussion of the general structure of the primary product
amplitude for small excess energies. Section V is devote
the study of different observables. The main emphasis is
on theph final state. Two differential observables are an
lyzed in detail, namely, the double differential cross sect
d2s/dV/dm2 as well as the analyzing power. The form
observable was studied recently in a series of papers, h
ever, without investigating them2 dependence more thor
oughly. The latter, on the other hand, was not discusse
detail before at all. We close with a short summary and c
clusions.

II. THE PRODUCTION OF UNSTABLE PARTICLES

Let us start with the general expression for the cross s
tion of the reactionNN→dX, whereX denotes the decay
products of an unstable meson. We start the discussion
assuming the presence of one mesonic resonance only.
generalization to more than one resonance will be done
the next section. The main purpose of this section is to
troduce our notation and to remind the reader on the imp
of a finite decay width on observables.

The reaction cross section in the center-of-mass~c.m.!
system be can expressed as

dsX5~2p!4
1

4upW uAs
uA Xu2dFm11~P;pd ,k1 , . . . ,km!.

~2!
©2002 The American Physical Society07-1
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A. E. KUDRYAVTSEV et al. PHYSICAL REVIEW C 66, 015207 ~2002!
HerepW denotes the c.m. momentum of the initial protons a
P the total initial four-momentum. The reaction amplitud
AX is given by

AX5WX~k1 , . . . ,km!G~m2!M, ~3!

where the primary production amplitude is denoted byM.
We assume the unstable meson, whose propagation is
scribed byG(m2), to decay into them particles of the final
stateX through the vertex functionWX . m2 is the total in-
variant mass of the finalm-particles system and is given b
m25((ki)

2, with ki , i 51, . . . ,m being the four-momenta
of the m decay particles. The phase space of the finam
particles and the final deuteron~with the four-momentum
pd) is defined as

dFm11~P;pd ,k1 , . . . ,km!

5d4~P2pd2k!
d3pd

~2p!32Ed
)

i

d3ki

~2p!32v i

5~2p!3dm2dF2~P;pd ,k!dFm~k;k1 , . . . ,km!, ~4!

whereEd and v i are the energies of the final deuteron a
the i th decay particle, respectively, andk5(ki . The latter
recursive formula allows us to study the propagation and
decay of the unstable particles independently of the prod
tion mechanism itself.

It is convenient to introduce what we would like to ca
partial spectral functionsrX , which is given by

rX~m2!ª~2p!3E dFm~k;k1 , . . . ,km!uG~m2!WXu2.

~5!

Note that unitarity demands that

(
X

rX~m2!52
1

p
Im G~m2!, E dm2(

X
rX~m2!51,

~6!

where the sum runs over all decay channels of the unst
particle that are open at a certain given value ofm2.

Using Eqs.~2!–~5! we can write

d2sX

dm2dVk

5
1

64p2 S ukW u

upW u
D 1

s
uMu2rX~m2!, ~7!

wherekW is the relative momentum of the meson systemX

with respect to the deuteron. Naturally,ukW u is a function of
m2, namely,

ukW u5
l1/2~s,m2,Md

2!

2As
, ~8!

whereMd denotes the mass of the deuteron and the func
l is given by

l~x,y,z!5~x2y2z!224yz. ~9!
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In this paper we neglect a possible final state interact
~FSI! of the produced mesons with the deuteron~this issue
was discussed for the reactionpp→da0

1 in Ref. @14#!. Then,
close to threshold, the energy dependence of the matrix
mentM is determined by the lowest possible orbital angu
momentuml of the meson systemX with respect to the deu
teron. Specifically, it will be given bykl with k5ukW u being
the corresponding relative momentum.

Let us now consider the case that interests us in
present study, namely the decay of a scalar resonanc
quasiparticle into two pseudoscalar mesons. For any gi
interaction of the scalar mesons with the pseudoscalars
physical two point functions for the scalar mesons can th
be constructed by solving the Dyson equation, where
self-energyS is given by the leading order two pseudosca
loop diagrams. The equation is illustrated in Fig. 1. T
strongest energy dependence of the loops is introduced
the unitarity cut and its analytical continuation below t
threshold. The remaining piece can be assumed constan
can be absorbed in the physical massMR . Under these as-
sumptions the physical propagators of the scalar mesons
be described by a Flatte´ form @15#, namely by

G~m2!5
1

m22MR
21 iM R(

X
GX

, ~10!

where

GX5
uWXu2ukWXu

8pMR
2

,

with kWX being the c.m. momentum of the meson systemX.
Below the threshold of the production of the final stateX the
analytic continuation ofGX is to be used.

III. THE MIXING AMPLITUDE

We now turn to the case that is relevant for the pres
paper, namely when there are two propagating unstable
ticles with different isospins. Then the self-energyS exhibits
a matrix structure in isospin space. If we now allow t
propagating particles to mix, then the self-energy matrix
velops nondiagonal elements. Note, since the mixing p
ticlesa0 and f 0 are essentially mass degenerate, all the m
ing should be completely dominated by its effect on t
meson propagation itself. Along the lines of this reason
we completely neglect any isospin violation in the prima
production amplitudeM and in the coupling of the pseudo

FIG. 1. Graphical representation of the Dyson equation. T
thin solid line denotes the bare propagator whereas the thick s
line stands for the dressed/physical propagator. The sum appe
in the expression for the self-energy is assumed to run over
decay channelsX.
7-2
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scalar mesons to the resonances. In short, we assum
resonances to be produced in pure isospin states. The p
cal states, however, are those that propagate. The phy
states ofa0 and f 0 are consequently no longer pure isosp
states.

We start from the inverse propagator in the isospin ba

G21~m2!5S ~m22m1
22S11! 2S10

2S01 ~m22m0
22S00!

D
5:S g11 g12

g12 g22
D ,

wherem1 andm0 denote the bare masses in the isospin 1
0 channel, respectively. The diagonal elements of the s
energy are given by

S115P K̄K
1

1Pph , ~11!

S005P K̄K
0

1Ppp , ~12!

and the isospin breaking is generated by

S105S015a1PK1K22P K̄0K0. ~13!

In these formulasPxy denote loops integrals with particlesx
and y propagating. The loops are assumed to
renormalized—the renormalization constants are either
sorbed into the physical masses of the scalar mesons or
the complex quantitya ~see also the discussion of this que
tion in Ref. @16#!. The loops denoted byP K̄K

I are to be read
as containing contributions from charged kaons as wel
neutral kaons, coupled to the isospinI as indicated in the
superscript. It is also implied that the physical masses
used in those loop integrals. The mass difference between
charged and the neutral kaons is the source for the iso
breaking generated by the loops of Eq.~13!. Without this
difference the two kaon loops would cancel each other. T
complex quantitya contains the effect induced byp-h mix-
ing @17#, as for instance discussed in Ref.@6#, as well as a
possibly existing directa0–f 0 transition. Naturally, the
imaginary part ofa, induced by thep0-h transition, can be
easily estimated as was done in Ref.@6#.

The propagation of the physical states is described by
eigenvalues ofG, i.e.,

Ga0
52/~g111g221r ! and Gf 0

52/~g111g222r !,
~14!

where r 5A(g112g22)
214g12

2 . The physical masses of th
scalar mesonsa0 and f 0 are given by the real part of th
zeros of Eq.~14!.

As usual the full propagatorG can be expressed in term
of the physical propagatorsGa0

andGf 0
plus a parameter fo

the mixing, which can be identified asd52g12/(g112g22).
In the case ofr-v mixing or p-h mixing d is guaranteed to
be small due to a large denominatorg112g22. In the former
case there is a large difference in the widths whereas in
latter the masses of the mixing particles are rather differ
01520
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However, the experimental evidence that is available for
masses and widths of the scalar mesonsa0 and f 0 suggests
that here both these quantities might be very similar@18#.
Thus, eveng115g22 is not excluded. Also, we want to emp
hazise thatd cannot be interpreted as a mixing angle beca
it is necessarily complex valued.

For convenience we write the primary production amp
tudeM as a vector in isospin space,

M5S M1

M0
D ,

and the final production vertexWX as a matrix

W5S W1
(ph) W1

(pp)

W0
(ph) W0

(pp)D .

Note that hereW1
(ph) is the vertex for the coupling of theph

system to an isospin-one particle as given by an elemen
Lagrangian, whereasW0

(ph) is the vertex where theph sys-
tem mixes first into thepp system which then couples to a
isospin-zero particle. We thus find for the complete prod
tion amplitude of the final statesX 5 (hp) or (pp) @cf. Eq.
~3! for the one channel situation#

A5W†GM5W†
1

g11g222g12
2 S g22 2g12

2g12 g11
DM

5W†Ga0
Gf 0S g22 2g12

2g12 g11
DM .

Basically all investigations on thea0
0-f 0 so far do not use

the propagators of the physical states, i.e., they do not use
eigenvalues ofG. Rather they assume that thea0 and f 0
mesons still propagate as proper isospin states. This lea
expressions that are very easy to interpret and which
illustrated in Fig. 2 for the case ofX5(ph). Within the
formalism developed above this assumption correspond
the approximation

Gf 0
Ga0

5
1

g11g222g12
2

.
1

g11g22
5G̃f 0

G̃a0
, ~15!

FIG. 2. Different contributions toph production in leading or-
der in the mixing. Heref 0-a0 mixing is denoted by a circle and
p2h mixing is denoted by a cross. Note thatf 0-a0 mixing can

occur viaKK̄ loops as well as via direct mixing, as explained
Sec. III. The numbers in the primary production vertices~denoted
by a big circle! indicate the isospin of the relevant amplitude.
7-3
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A. E. KUDRYAVTSEV et al. PHYSICAL REVIEW C 66, 015207 ~2002!
whereG̃f 0
andG̃a0

are now propagators of these mesons
the isospin 0 and 1 states, respectively. Indeed, the re
presented in Ref.@6# suggest that

g12
2

g11g22
,1022,

i.e., that the approximation~15! is not unreasonable.
Since the main focus of the paper is theph channel it is

convenient to introduce a mixing parameterj by

j~m!5S01~m!G̃f 0
~m2!, ~16!

whereS01 was defined in Eq.~13! and is related to thea0
0-f 0

transition amplitude. With this definition we get for the tra
sition amplitude for the reactionpn→dph

A(ph)5W1
(ph)G̃a0

~M11j~m!M0!1W0
(ph)G̃f 0

M0

1W0
(ph)j~m!G̃a0

M1 . ~17!

The last term involves mixing inW0
(ph) as well as inj(m)

and is therefore a second order correction. Close inspec
reveals that in the regionm.2mK the third term in Eq.~17!
should be suppressed by a factor

gf 0ppulp0huma0
Ga0

ga0phS01~mh
22mp

2 !
'0.12

compared to the second term. In this estimation we used
valuesS01'5000 MeV2 determined fromKK̄ decay loops
~see Fig. 2 in Ref.@6#! at m.2mK and theph mixing am-
plitude lp0h.25000 MeV2 ~see Ref.@6# and references
therein!. We also use the masses and widthsma0

5mf 0

5980 MeV/c2 and Ga0
5G f 0

550 MeV/c2 and coupling

constantsga0ph and gf 0pp that are determined from th

equations Ga0
5ga0ph

2 qph /(8pma0

2 ) and G f 0

53gf 0pp
2 qpp /(16pmf 0

2 ), where qph and qpp are corre-

sponding relative momenta. Consequently, both terms—
third and the last in Eq.~17!—will be neglected in what
follows.

IV. STRUCTURE OF THE PRIMARY PRODUCTION
AMPLITUDE

As we argued in the former section, one can safely
sume the primary production amplitudesMI as isospin con-
serving. In this section we demonstrate how to construct
effective interaction relevant for the transition
pn→d1(scalar meson)in the close-to-threshold regime.

As pointed out in Refs.@6,19#, if the scalar meson ha
isospin 1 it can only be produced in ap wave. Since the
initial pn system has to be in an isotriplet state and has
have odd parity, the Pauli principle requires that it is also
a spin-triplet state. Thus, the effective transition operator
the isovector final state has to be linear ink and has to have
01520
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an odd power ofp ~hereafterk and p denote the final and
initial relative three-momenta in the considered reaction,
spectively!. It also has to be linear in both the spinS
ªf1

Ts2sf2 of the initial nucleons pair and the polarizatio
vectore of the outgoing deuteron. These constraints lead
the reaction amplitude of the following type:

M15a~p•S!~k•e* !1b~p•k!~S•e* !1c~k•S!~p•e* !

1d~p•S!~p•e* !~k•p!. ~18!

The coefficientsa, b, c andd are independent scalar ampl
tudes. They may depend on the total c.m. energy and
necessarily complex since they contain the initial state in
action. For the isospin 1 amplitude relevant here the ph
induced by the two nucleon unitarity cuts can be related
the NN phase shifts, as pointed out in Ref.@20#. However,
for the isoscalar initial state~required for the production o
the f 0 meson, cf. below! there is no phase-shift analys
available at the relevant energies due to a lack of high ene
pn scattering experiments@21#. Therefore, in this paper we
will not consider the effects induced by the initial state i
teraction. Let us mention, however, that their effects do
influence the qualitative aspects discussed here. Note tha
scalar amplitudesa, b, c, andd are expected to have quit
smooth energy dependence and, accordingly, can be co
ered as constant in the near threshold region.

In Ref. @14# the transition amplitude was given in a parti
wave decomposed form. Obviously the two descriptions
equivalent, however, we regard Eq.~18! as more convenien
for the construction of polarization observables.

The amplitude relevant for the near-threshold product
of an isoscalar scalar meson can be constructed along
same lines and is given by

M05 f ~S•e* !1g~p•S!~p•e* !. ~19!

Similar expressions for the amplitudes~18! and ~19! can be
found in Refs.@7,22#. Note, however, that the terms propo
tional to g andd were omitted in that work.

It is obvious from Eqs.~18! and ~19! that M1}k and
M0}const near the threshold. For the isospin conserv
case we therefore get

ds

dm2
~pn→da0!}Q3/2 and

ds

dm2
~pn→d f0!}Q1/2,

whereQ(m)5As2Md2m is the excess energy. Thus, if w
study the production of an isospin 1 final state, namelyp0h,
the mixing with the isoscalar (f 0) state will be kinematically
enhanced@6#.

V. STUDY OF OBSERVABLES

A. Invariant mass spectrum

Naturally the simplest observable is just the invaria
mass spectrum of the reactionpn→dX. As long as we look
at energies/values ofm2 such thatQ(m2) is small, the spec-
trum should show a resonant peak;(XrX reflecting them2
7-4



a
as

e
a

e
-

o
-
r
n
n

s
ec
m

.
-

on
r
e

y

vi

ig.
r-
f

e

tive
s-

in-
,

s.

.

r

ons

a

ds

e
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dependence of thef 0 propagator, cf. Eq.~6!. It is possible to
deduce the branching ratios of a particular resonance by
of the Flattédistribution to the mass spectrum. This w
demonstrated, e.g., for the case of thea0

1 in Ref. @23#. Since
so far little is known about thef 0 this very easy to measur
observable is very interesting. In addition, the number of
events in this peak is proportional to

uM 0u253u f u212 Re~ f g* !p21ugu2p4,

cf. Eqs. ~6!, ~7! and ~19!. Note that the knowledge of th
amplitudesf andg is important, if we want to deduce quan
titative informations about thef 0 /a0 mixing amplitude from
the reactionpn→dX.

Definitely the most interesting observables are those c
cerning the channelpn→dph, since here the isospin con
serving amplitude enters in ap wave whereas the isoscala
amplitude, which can be mixed in via isospin violation, e
ters in ans wave. This is the kinematical enhancement me
tioned at the end of the last section.

Let us discuss the mass distributionds/dmp0h for the
p0h system in the reactionpn→dp0h. Note that near the
threshold of the reactionpn→da0

0 this mass distribution
should be sensitive to the magnitude ofa0

0-f 0 mixing as well
as to the mixing mechanism.

Consider first the limiting case of isospin conservation,
that thea0

0-f 0 mixing is absent. In this case the mass sp
trum of thep0h system should coincide with the spectru
of thep1h system from the reactionpp→da0

1—apart from
an overall~isospin! factor of 0.5@7#. The amplitude of the
reaction pn→dp0h is then given by the diagram of Fig
2~a!. In this case the invariantp0h-mass distribution is de
termined by the phase space andr (ph) , which was defined in
Eq. ~5!, and is dominated by thea0 propagator@cf. Eq. ~10!#.
The p0h-mass distribution obtained under these asumpti
is shown in Fig. 3 by the dotted line. The calculations a
done atTp52645 MeV/c where experimental results can b
expected from the ANKE Collaboration soon@22#. The pa-
rameters used here areMa0

5980 MeV/c2 and Ga0

550 MeV/c2. The mass-dependent width is described b
Flatté-like form Ga0

(m)5Ga0
1GKK̄(m), which takes into

account theKK̄ decay channel@see Eq.~8! in Ref. @6##. As
we discussed in the previous sections, the isospin conser
production of thea0

0 meson can take place only in ap wave
and hence is suppressed near threshold.

If isospin is not conserved anda0
0-f 0 mixing is present,

then theph system can be produced also in ans wave
through thef 0. The corresponding diagram is shown in F
2~b!. For this mechanism thep0h mass spectrum is dete
mined not only by thea0

0 propagator, the partial wave o
production and the phase space but also by thef 0 propagator
and by the mass dependence of the nondiagonal self-en
matrix elementS01(m) @cf. Eqs.~13! and ~16!#:

j~m!5S01~m!G̃f 0
~m2!'

S01~m!

m22M f 0

2 1 iM f 0
G f 0

~m2!
.
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For illustrative purposes we will useM f 0
5980 MeV/c2 and

the same Flatte´-like width that was used for thea0 meson
above, i.e.,G f 0

(m2)5Ga0
(m2).

Of course, now the invariant mass plot becomes sensi
to the specific mixing mechanism. For example, if we a
sume that the leading contribution toS01(m) comes from the
direct a0

0-f 0 transition mechanism, i.e., the terma in Eq.
~13!, then there should be no drastic dependence on the
variant massm of thep0h system. Thep0h-mass spectrum
corresponding to the mechanism of Fig. 2~b! and with
S01(m)5const, is shown in Fig. 3 by the dashed line.~All
the distributions are normalized to 1 at the maximal value!
On the other hand, ifS01(m) is determined mainly by the

KK̄ loop @the termPK1K22P K̄0K0 in Eq. ~13!#, it should be
strongly enhanced near theKK̄ threshold~see, e.g., Refs
@1,4,6#!. The correspondingp0h-mass distribution is shown
in Fig. 3 by the solid line.

Thus, we conclude that thep0h mass spectrum is rathe
sensitive to thea0

0-f 0 mixing mechanism. That is why the
study ofds/dmp0h in the reactionpn→dp0h should allow
us to shed light on the nature of the lightest scalar mes
a0(980) andf 0(980).

FIG. 3. Spectra of thep0h invariant mass for the reactionpn
→dp0h at Tp52645 MeV/c. The dotted line corresponds to
reaction mechanism where ana0 meson is produced in ap-wave
and then decays into thep0h system. The dashed line correspon
to the production of anf 0 meson in ans-wave that mixes into ana0

with S105const, cf. Eq.~13!. The solid line shows results wher

S10 is evaluated from theKK̄ mixing mechanism. Note that all the
distributions are normalized to 1 at their maximal value.
7-5
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B. Analyzing power for the processpn\dph

1. Near threshold

In our approximation the total amplitudeM of the reso-
nant ph production with a0

0-f 0 mixing effects taken into
account may be written as@cf. Eq. ~17!#

M5M11jM0 , ~20!

where the amplitudesM1 andM0 are given by the Eqs.~18!
and~19! and the mixing parameterj was defined in Eq.~16!.

Let us introduce the polarization of one of the nucleonz
throughz5f1

1sf1 or f1f1
15(11z•s)/2. The matrix ele-

ment~20! squared and averaged~summed! over the polariza-
tions of the initial neutron~final deuteron! is then given by

uMu25
1

2
@~ uau21ucu2!p2k213uBu21uDu2p4#1~p•k!ReH

1p2Re@a* D~p•k!1B* D#1~z•@k3p# !Im H,

~21!

where

B5b~p•k!1 f j, D5d~p•k!1gj,

H5a* B1a* c~p•k!1B* c1D* cp2.

Let the polarization vectorz be directed along thex axis
(z'p). Then, in terms of the anglesu andw, we havep•k
5pk cosu and z•@k3p#5zpk sinu sinw (z5uzu). Using
those expressions Eq.~21! may be written as

uM~u,w!u25C01C1cosu1C2cos2u

1z sinu sinw~D01D1cosu!, ~22!

where

C05 1
2 ~ uau21ucu2!p2k21~ u f u21 1

2 u f 1p2gu2!uju2,

C15pkRe~@~a1b1c1p2d!* ~ f 1p2g!12b* f #j!,

C25p2k2@ ubu21 1
2 ub1p2du2

1Re~a* c1~a1c!* ~b1p2d!!#, ~23!

D05pk Im~@a* f 2c* ~ f 1p2g!#j!,

D15p2k2Im~a* b1a* c1b* c1p2d* c!.

We can now generalize the definition of the asymmetryA
given in Ref.@6# to the polarized situation. Using the shor
hand notation

s~m;u,w![
d2s

dm2dV
~u,w!, ~24!

we now define the angular-asymmetry parameterA through
01520
A~m;u,w!5
s~m;u,w!2s~m;p2u,w1p!

s~m;u,w!1s~m;p2u,w1p!

5
C1cosu1zD0sinu sinw

C01C2cos2u1zD1cosu sinu sinw
.

~25!

It follows from Eqs. ~23! and ~25! that C15D050 for j
50 and thus

A~m;u,w!j5050 ~26!

when isospin is conserved.
Let us discuss some specific features of the expres

~25! in the following. First note that there are two differe
terms. The first term does not depend on the polarizationz of
the proton beam and on the anglew. Therefore, Eq.~25!
implies that

A~m;u500,w!5
C1

C01C2
. ~27!

This particular result for the asymmetryA was derived ear-
lier in Ref. @6# but not in terms of the amplitudesa, b, c, d, f,
and g. The discussion in Refs.@7,22#, on the other hand
takes into account only the amplitudesa, b, c, andf, but not
the amplitudesd andg.

At u590° and forzÞ0 we get

A~m;u590°,w!5z
D0

C0
sinw

5
2zpkIm~@a* f 2c* ~ f 1p2g!#j!sinw

~ uau21ucu2!p2k21~2u f u21u f 1p2gu2!uju2
.

~28!

Obviously the isospin-breaking effect for different angl
u andw depends on different combinations of the basic a
plitudes. Thus, experimental information on the asymme
obtained with polarized beam could allow us to deduce
ditional constraints on the amplitudesa, b, c, d, f, andg of
the a0- and f 0- production reactions. With regard to that l
us mention that the model ofa0-meson production discusse
in Ref. @6#, which was based on the impulse approximatio
leads toA(m;u590°,w)[0—because in that modela5c
50.

Throughout this paper we make the assumption that is
pin breaking takes place only in the propagation of the sc
mesons. This implies that the mixing strength is the same
all partial waves. On the other hand, if a significant mixi
takes place also in the initialNN interaction or in the pri-
mary production amplitudeM1, there is no reason to expec
this mixing as being partial-wave independent. Thus
study of polarization observables allows us to examine
basic model assumption in a clean way.

In addition it will be very interesting to study them de-
pendence ofA(m;u,w) in detail. By constructionA projects
on the isospin breaking pieces of the amplitude. Therefo
7-6
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the m dependence ofA gives direct access to them depen-
dence ofS01(m) and thus to the mixing mechanism.

2. Higher energies

As mentioned above the asymmetryA(m;u,w) @Eq. ~25!#
will become zero ifa0

0-f 0 mixing is not included, i.e. forj
50. This result is in line with the observation made in R
@24# that the asymmetryA(u) is identical to zero in the re
actionpn→dp0 for the unpolarized case. Let us emphasi
however, that the vanishing of the asymmetryA(m;u,w) in
the limit j50 for the polarized case is true only near thres
old, where thea0 meson is produced in ap wave and thef 0
meson in ans wave, see Eqs.~18! and~19!. The expressions
~18! and ~19! do not take into account contributions fro
higher partial waves, specifically they do not include, e
the d wave production of thea0 meson and thep wave pro-
duction of thef 0 meson. In the following we want to con
sider this question in more detail, assuming that isospin
conserved.

The amplitudes fora0- and f 0-production in the reaction
~1! can be written in the most general form as

MI5f1
Ts2~FI1GI•s!f2 , ~29!

wheref1,2 are the spinors of the nucleons. The two termsFI
and GI correspond toSNN50 and SNN51, respectively,
where SNN is the total spin of the initialNN system. The
subscriptI denotes the isospin of the produced scalar mes
The scalar and vector functionsFI and GI depend on the
vectorsp, k ande. Let LNN andLMd be the angular moment
in the initial NN and in the final meson1d systems, respec
tively. It follows from the conservation of quantum numbe
together with the required antisymmetry of the system w
respect to the initial nucleons that theF1 (G1) term in Eq.
~29! should contain only the contributions from even~odd!
values ofLNN andLMd . One can also see that theF0 (G0)
term should only contain the contributions from odd~even!
values ofLNN and LMd . In the isovector (I 51) case thes
wave (LNN5LMd50) is forbidden, i.e., the contributions t
the F1 term start with ad wave. For the case where one
the nucleons is polarized, the expression for the squared
trix element~29! is given by the form

uM I u25
1

2
@ uFI u21~@FIGI* 1FI* GI #•z!1~GI* •GI !

1 i ~z•@GI3GI* # !#, ~30!

wherez is the proton polarization vector. The second term
the expression~30! corresponds to the interference betwe
theFI andGI amplitudes. Thus, this term is an odd functio
of the final momentumk. All other terms in Eq.~30! are even
functions ofk. We see that the second term is responsible
the angular asymmetry in the reaction~1! even if isospin is
conserved. It vanishes in the case of unpolarized prot
i.e., A(m;u,w)[0 for z50.

Note that the amplitudes~18! and~19! are special cases o
the general form Eq.~29! with FI[0. Also, settingFI[0 in
Eq. ~30! we always getA(m;u,w)[0 if isospin is con-
01520
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served. The amplitudes~18! and ~19! correspond to theGI
terms in Eq.~30! in the lowest order approximation with
respect to the final momentumk, i.e., keeping only contribu-
tions that are at most linear ink. The next order term with
respect tok in the amplitude fora0-meson production is the
d-wave contribution. This term~of the order;k2) contrib-
utes toF1 in Eq. ~29! and modifies the amplitudeM1 given
in Eq. ~18!, i.e.,

M1→M11F1f1
Ts2f2 , F15e~e* •@p3k# !~p•k!,

~31!

wheree is a scalar amplitude. It is clear that the asymme
A(m;u,w) ~25!, calculated with the amplitude~31!, will get
nonzero contributions;k3 for smallk due to the interference
betweenp and d waves. It follows from Eq.~31! that F1
50 at sinu50 or cosu50. In general, theF1 term contains
all contributions with even valuesLNN ,LMd52,4,6, . . . .
Thus, each contribution should include the factore* •@p
3k# as well as the factorp•k. Therefore, even in the genera
caseF150 if sinu50 or cosu50. Accordingly, for the case
of conserved isospin we get

A~m;u50,w![0 ~32!

at anyk—and not only near threshold@compare this result
with that from Eq.~26!#. This result~32! confirms a genera
statement made in Ref.@24# on the absence of a forward
backward asymmetry for the reactionpn→dX0 in the limit
of isospin conservation.

It is remarkable that in addition to the condition~26! for
the case of polarized proton beam we get also the nontri
result that

A~m;u590°,w![0 ~33!

if isospin is conserved. Therefore, any deviation ofA(m;u
590°,w) from zero is a direct indication fora0

0-f 0 mixing.
Note that this statement does not depend on the numbe
partial waves taken into account, i.e., it is valid for any e
cess energy and not only near threshold. Consequent
measurement of the asymmetry atu590° should provide us
with evidence on thea0

0-f 0 mixing amplitude. We want to
remark that this information is to be considered as comp
mentary to the one that can be obtained with unpolari
beam. It should be mentioned that the vanishing of the as
metry atu590° for the reactionpn→da0

0 does not follow
from the theorem formulated in Ref.@24# and is new.

Finally, let us discuss the situation atuÞ0° anduÞ90°.
If the amplitude fora0

0-meson production is taken of th
form ~20!, i.e., isospin-breaking effects are included, then
leading order contribution to the asymmetryA(m;u,w) is of
the order;jk @see Eqs.~23! and ~25!#. The next-to-leading
terms in the amplitudeM1 @see Eq.~31!# give rise to con-
tributions of the order;k3 to the asymmetry from isospin
conserving terms. Thus, when studying isospin-breaking
fects over a wide region ofu, one should considera0

0-meson
production in a rather narrow region of relative momentak,
7-7
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i.e., at small excess energies, in order to suppress cont
tions toA(m;u,w) from isospin-conserving amplitudes wit
higher angular momenta.

VI. SUMMARY

Let us summarize the main results of this paper. The m
sensitive observables for examining thea0

0-f 0 mixing ampli-
tude are~i! the angular asymmetryA(m;u,w), as defined by
Eq. ~25! of this paper, and~ii ! the distribution of the effective
mass of thep0h system near thea0

0 threshold. With regard to
the angular asymmetryA(m;u,w) for the channel pn
→dp0h, it is expected to be rather large, i.e., in the order
;1021. For the case of an unpolarized beam the forwa
backward asymmetry was estimated earlier in Ref.@6#. The
study of the asymmetryA(m;u,w) with perpendicular polar-
ized proton beam should shed additional light on the mec
nism of a0 production in the reactionpn→da0

0. As we have
shown, the various basic amplitudes for this reaction g
different contributions toA(m;u,w) at different angles.

Since by constructionA projects on the isospin breakin
pieces of the amplitude, them dependence ofA gives direct
access to them dependence ofS01(m) and thus to the mixing
mechanism.

Note, in experiments with polarized beams, isosp
breaking effects give contributions;jk to the asymmetry
A(m;u,w) in leading-order with respect to the final mome
tum k. Isospin-conserving amplitudes give contributio
;k3 due to d-wave terms. Thus when studying isospi
breaking effects over a wider range ofu andw, one should
considera0

0-meson production at small momentak, or small
excess energies. Accordingly, when studying the reac
pn→dp0h near the threshold ofa0 production, one should
limit the invariant massm of the p0h system in a narrow
region near threshold. Note that the contribution of t
d-wave to the reactionpn→da0 may be monitored by a
simultaneous measurement of the differential cross secti

If isospin is conserved, then asymmetry effects should
absent atu50° or u590°, even in the polarized case. Th
angleu50° is not conclusive for the reaction with a pola
ized beam, since all polarization effects are proportiona
z sinu cosw and vanish at sinu50. Thus, the asymmetry fo
u50° coincides with the one for unpolarized nucleons. T
caseu590° is much more interesting when studying t
isospin-breaking effects in the reaction with polarized p
tons, since polarization effects are maximal at this an
Anyway, in either case (u50 andu590°) a nonvanishing
asymmetryA(m;u,w) can come only from isospin-breakin
effects.
ys
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Very important information ona0
0-f 0 mixing can be also

expected from a study of the mass distributionds/dmp0h for
the p0h system in the reactionpn→dp0h. If the isospin is
conserved, then the mass spectrum of thep0h system from
this reaction should coincide with the one for thep1h sys-
tem from the reactionpp→da0

1 . Differences in the mass
distributions of thep0h and thep1h systems are a clea
signal that the isospin is not conserved and thata0

0-f 0 mixing
is present. The mass distributionds/dmp0h for thep0h sys-
tem is also extremely sensitive to the mechanism ofa0

0-f 0

mixing. For example, in the case wherea0
0-f 0 mixing is

dominated by theKK̄ loop, thep0h mass spectrum will be

strongly enhanced near theKK̄ threshold.
Thus, we conclude that the study of the reactionpn

→da0
0 is extremely useful to understand the mechanism

the magnitude of thea0
0-f 0 mixing amplitude. The knowl-

edge of this mixing amplitude should allow us to shed lig
on the nature and the quark content of the lightest sc
mesonsa0(980) andf 0(980).

Several interesting observables were not discussed in
paper and are to be studied in a subsequent work. One
ample is the differential cross section forpn→dK1K2.
Since this final state does not have definite isospin the
ferential cross section develops a forward-backward as
metry at larger excess energiesQ. Models predict that the
kaon loops are an important source for the mixing@4#. There-
fore, the measurement of a forward–backward asymm
for the processpn→dKK̄ ~the sum ofpn→dK1K2 and
pn→dK0K̄0) should help to pin down thea0

0-f 0 mixing am-
plitude. Corresponding measurements of these decay c
nels should be feasible at the ANKE and TOF facilities,
spectively, at the COSY accelerator in Ju¨lich.

Finally, let us consider the reactiondd→4Hep0h. Evi-
dently, here isospin is not conserved. Near thea0 threshold
this reaction should proceed only through the chaindd
→4Hef 0→4Hea0

0→4Hep0h. Thus, thep0h mass spectrum
of this reaction should be even more sensitive to thea0

0-f 0

mixing mechanism than the one for the reactionpn→da0
0

@7#.
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