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Some aspects m‘g-fo mixing effects in the reactioﬁn—>da8 with perpendicular polarized proton beam are
discussed. An angular-asymmetry paramétés defined to study those effects. It is shown that, for energies
close to the production threshold, the angular-asymmetry paraf@iep) is proportional to thag-fo mixing
amplitude for arbitrary polar and azimuthal angkeand ¢ of the outgoinga, meson. This statement is also
valid for arbitrary energies, but then only at polar angbes0°® and 6=90°. The mass dependence of the
differential cross sectiomlo/dm,o, in the reactionpn—d=%7 in the presence oag-fo mixing is also
discussed.
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[. INTRODUCTION about the nature of those scalar mesons. Even if these scalar
mesons are dynamically generafdd,12, in the proximity

The nature of the lightest, virtually mass-degenerate, scasf the pole the scattering matrix can still be well approxi-
lar mesonsa, (980 (1CJ°¢=1"0"") and f, (980 mated by the propagation of quasiparticles corresponding to
(0"0" ™) is an important and still unsolved problem of had- elementary fields. The true nature of the propagating object
ron physics. The quark structure of these mesons is not weis then hidden in the effective parameters of those elemen-
established at present time. This issue is also closely relatddry fields. This was shown rigorously by Weinberg for the
to the very interesting problem af-f, mixing. A dynamical ~ case where inelastic channels are ab§&8}
mechanism for this mixing close 1K threshold was sug- 1he paper is organized as follows. In Sec. Il we review
gested around 20 years ago in REf]. Since that time a SOme common properties of the production of unstable par-
number of papers have been published in which differenticles. We start out from the case of a single particle and
aspects of,-f, mixing and the possibilities to measure this then, in Sec. lll, generalize the formalism to the two cha_nnel
effect have been discussed, see, for example, R2fs7). case re_levant for the present study. Secthn \% contains a
Recently, in Ref[8], some new arguments were presented indiScussion of the general structure of the primary production
support of a fairly Iargeag—fo—mixing intensity. Analyzing amplitude for ;mall excess energies. Sectlpn Vis de\'/ot'ed to
the experimental dat9,10] on the exclusive production of the study of different observables. The main emphasis is put

the ao(980), a,(1320) andf,(980) resonances ipp colli- on them# final state. Two differential observables are ana-

sions atys=29.1 GeV, the authors of Refi8] came to the Iyzzed in detgul, namely, the double differential cross section
. 0 d“o/dQ/dm~ as well as the analyzing power. The former
conclusion that 80% 25% of alla; mesons come from the . ; ;
f (980 observable was studied recently in a series of papers, how-
O(The)}esults of Ref[8] provide certainly a fairly stron ever, without investigating then> dependence more thor-
o 0 prov y y '9 oughly. The latter, on the other hand, was not discussed in
indication for a largeag-f, mixing. However, for more solid

: : ) D detail before at all. We close with a short summary and con-
conclusions, in particular about the quantitative value of th

Slusions.
mixing, a thorough analysis is needed. In this context it is

important to keep in mind that the mixing can manifest itself
in many different physical processes and observables. Thus, !l THE PRODUCTION OF UNSTABLE PARTICLES
in this paper we want to discuss another consequence of the | oy 5 start with the general expression for the cross sec-
ag—fo_ mixing effect, namely the angular asymmetry of the o of the reactionNN— dX, whereX denotes the decay
reaction products of an unstable meson. We start the discussion by
0 assuming the presence of one mesonic resonance only. The
pn—dag/fo (D generalization to more than one resonance will be done in
the next section. The main purpose of this section is to in-

with unpolarized and polarized proton beam. Furthermoreygqyce our notation and to remind the reader on the impact
we study the influence of the finite width of the scalar me-q 4 finite decay width on observables.

sons on the unpolarized as well as the polarized differential The reaction cross section in the center-of-mése)
cross section. All these investigations are performed withsystem be can expressed as
special emphasis on how to extract information onahéf

mixing.

In the present paper we will address tgandf, mesons doy=(2m)% } |AL2dD 4 1 (Pipy Ky, . k).
as resonances. However, it should be stressed that all the 4lp| Vs . .
results derived in this paper do not need any assumption (2
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Herep denotes the c.m. momentum of the initial protons and _ + /’E\ ) @ _ 5 <>
P the total initial four-momentum. The reaction amplitude % ’ x T x
Ay is given by

FIG. 1. Graphical representation of the Dyson equation. The
Ax=Wy(ky, ... ,kM)G(mZ)M, ©) thin solid line denotes the bare propagator whereas the thick solid
line stands for the dressed/physical propagator. The sum appearing
where the primary production amplitude is denoted bl in the expression for the self-energy is assumed to run over all
We assume the unstable meson, whose propagation is déecay channelX.
scribed byG(m?), to decay into theu particles of the final ) ) ] . )
stateX through the vertex functiolV. m? is the total in-  In this paper we neglect a possible final state interaction
variant mass of the fingk-particles system and is given by (FSD of the produced mesons with the deutertimis issue
m?=(2k;)?, with k;, i=1, ... u being the four-momenta Was discussed for the reactipp—dag in Ref.[14]). Then,
of the u decay particles. The phase space of the fipal close to threshold, the energy dependence of the matrix ele-
particles and the final deuterowith the four-momentum mentM is determined by the lowest possible orbital angular

pg) is defined as momentum of the meson systed with respect to the deu-
teron. Specifically, it will be given bk' with k= k| being
d®,.1(P;pg Ky, ... K,) the corresponding relative momentum.

Let us now consider the case that interests us in the

= 64 P—py—kK) d°pq d°k; present study, namely the decay of a scalar resonance or
2m)32Ey T (2732w, quasiparticle into two pseudoscalar mesons. For any given

3 3o _ _ interaction of the scalar mesons with the pseudoscalars, the

=(2m)"dm d®,(P;pg, k) d® ,(Kiky, ... k), (4) physical two point functions for the scalar mesons can then

be constructed by solving the Dyson equation, where the
self-energyX is given by the leading order two pseudoscalar
loop diagrams. The equation is illustrated in Fig. 1. The
gtrongest energy dependence of the loops is introduced by
Ghe unitarity cut and its analytical continuation below the
threshold. The remaining piece can be assumed constant and
can be absorbed in the physical m&dg. Under these as-
sumptions the physical propagators of the scalar mesons can
be described by a Flatferm [15], namely by

whereEy and w; are the energies of the final deuteron and
the ith decay particle, respectively, akd=Xk;. The latter
recursive formula allows us to study the propagation and th
decay of the unstable particles independently of the produ
tion mechanism itself.

It is convenient to introduce what we would like to call
partial spectral functiongy, which is given by

(i) =(2m)° [ 6 (KiK. K| GOTPIW2

1
5 G(m?)= , (10
2 2
Note that unitarity demands that m°—Mgz+iM R; L'y
1
2 px(m?)=——ImG(m?), f dmeY, px(m?)=1, where
X X
©®) r [ Wyl?ky
where the sum runs over all decay channels of the unstable X 87TM§ '
particle that are open at a certain given valuemsf
Using Egs.(2)—(5) we can write with ky being the c.m. momentum of the meson systém

Below the threshold of the production of the final statthe
analytic continuation of'y is to be used.

dmdQ,  64m?

d?oy 1 [|k\1
Bl SIMIPpx(m?), (7)
Ill. THE MIXING AMPLITUDE
wherek is the relative momentum of the meson systXm We now turn to the case that is relevant for the present

leth respect to the deuteron. Naturall| is a function of  paper, namely when there are two propagating unstable par-
m<, namely, ticles with different isospins. Then the self-eneiyyexhibits
a matrix structure in isospin space. If we now allow the
8 propagating particles to mix, then the self-energy matrix de-
2.s ’ (8) velops nondiagonal elements. Note, since the mixing par-
ticlesay andfy are essentially mass degenerate, all the mix-
whereM 4 denotes the mass of the deuteron and the functiofng should be completely dominated by its effect on the
\ is given by meson propagation itself. Along the lines of this reasoning
we completely neglect any isospin violation in the primary
ANX,Y,2)=(Xx—y—2)2—4yz 9 production amplitudeM and in the coupling of the pseudo-

|Iz| Al/z(s,mz,Mﬁ)
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scalar mesons to the resonances. In short, we assume the ° n ° n °
resonances to be produced in pure isospin states. The physi- . XS
cal states, however, are those that propagate. The physical d a d 7’ \fo d
states ofa, andf, are consequently no longer pure isospin % £,
states.
We start from the inverse propagator in the isospin basis,
G Y{(m? (MP—mi—3 1) —210 P n P n p n
(™) 30 (m?— mg—zoo) FIG. 2. Different contributions ter» production in leading or-
der in the mixing. Herefy-a, mixing is denoted by a circle and
(Y911 Q12 m— n mixing is denoted by a cross. Note thiga, mixing can
o 92 occur viaKK loops as well as via direct mixing, as explained in

. . _ Sec. lll. The numbers in the primary production verti¢dsnoted
wherem; andm, denote the bare masses in the isospin 1 angy a big circl@ indicate the isospin of the relevant amplitude.
0 channel, respectively. The diagonal elements of the self-

energy are given by However, the experimental evidence that is available for the
1 masses and widths of the scalar mesapsand f, suggests
3=+, (1) that here both these quantities might be very simiilss].
Thus, everg,;=(,, is not excluded. Also, we want to emp-
200= H%K+ I, ., (12 hazise that cannot be interpreted as a mixing angle because
it is necessarily complex valued.
and the isospin breaking is generated by For convenience we write the primary production ampli-
tude M as a vector in isospin space,
210= 1= a+ I+ - — iogo. (13
In these formuladl,, denote loops integrals with particles M= ( Ml) ,
and y propagating. The loops are assumed to be Mo

renormalized—the renormalization constants are either ab- . . .
sorbed into the physical masses of the scalar mesons or inf”&d the final production vertewy as a matrix
the complex quantityr (see also the discussion of this ques- VW CORRYYCL)
tion in Ref.[16]). The loops denoted bM';K are to be read W:( ! ! )
as containing contributions from charged kaons as well as
neutral kaons, coupled to the isosgdiras indicated in the (77) )
superscript. It is also implied that the physical masses ardlOte thatheréV;™” is the vertex for the coupling of the
used in those loop integrals. The mass difference between tfyStem o an isospin-one particle as given by an elementary
charged and the neutral kaons is the source for the isospidrangian, wh-ereaﬁlg””) is the vertex where ther7 sys-
breaking generated by the loops of HA3). Without this ~ tem mixes first into ther system which then couples to an
difference the two kaon loops would cancel each other. ThéSOspin-zero particle. We thus find for the complete produc-
complex quantitye contains the effect induced by-» mix-  tion amplitude of the final state$ = () or (=) [cf. Eq.
ing [17], as for instance discussed in RES), as well as a  (3) for the one channel situatign
possibly existing directag—f, transition. Naturally, the
imaginary part ofa, induced by ther®-7 transition, can be
easily estimated as was done in Réf.

The propagation of the physical states is described by the
eigenvalues of3, i.e.,

Wgn' 7) W(07T7T)

A=W'GM=wW" Jez _glz)M

011022~ g§2< —012 O

= WTGaOGfO(

922 _912)
M
—012 On1

Ga0: 2/(g11+ 92+ 1) and Gfo: 2(912% 922~ 1),

(14) Basically all investigations on tha)-f, so far do not use

the propagators of the physical states, i.e., they do not use the
eigenvalues ofG. Rather they assume that tlag and f
mesons still propagate as proper isospin states. This leads to
. expressions that are very easy to interpret and which are

As usual_ the full propagatdb can be expressed in terms illustrated in Fig. 2 for the case ok=(w7). Within the
of the physical propagatofs, andG; plus a parameter for . . !

A : "8 7 "o formalism developed above this assumption corresponds to

the mixing, which can be identified a&=29:,/(911—922).  the approximation
In the case op-w mixing or -7 mixing & is guaranteed to

wherer = \/(g11—09,,)°+4g7,. The physical masses of the
scalar mesong, and f, are given by the real part of the
zeros of Eq(14).

be small due to a large denominatpr,—g»,. In the former 1 1 o
case there is a large difference in the widths whereas in the Gt,Ga,= > = =Gs Ga, (15
latter the masses of the mixing particles are rather different. 911922~ 91, 911922
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where(~3f(J and (~3ao are now propagators of these mesons inan odd power op (hereafterk and p denote the final and
the isospin 0 and 1 states, respectively. Indeed, the resyltgitial relative three-momenta in the considered reaction, re-

presented in Ref6] suggest that specT;tiver. It also has to be linear in both the sp®
:=¢, 0,0¢, Of the initial nucleons pair and the polarization
92, ., vector e of the outgoing deuteron. These constraints lead to
911922< 1077, the reaction amplitude of the following type:

i.e., that the approximatiofl5) is not unreasonable. My=a(p-S)(k- €")+b(p-k)(S- €") +c(k-S)(p- €")
Since the main focus of the paper is the channel it is +d(p-S)(p- € )(k-p). (18)
convenient to introduce a mixing parameteby

_ The coefficientsa, b, c andd are independent scalar ampli-
&(m)=3 (M) Gy (M), (16 tudes. They may depend on the total c.m. energy and are
necessarily complex since they contain the initial state inter-
where, y; was defined in Eq(13) and is related to thag—fo action. For the isospin 1 amplitude relevant here the phase
transition amplitude. With this definition we get for the tran- induced by the two nucleon unitarity cuts can be related to

sition amplitude for the reactiopn—dm» the NN phase shifts, as pointed out in RE20]. However,
B 5 for the isoscalar initial statéequired for the production of
Almpy =W, (My+ E(m) Mo) + WGy My the f, meson, cf. belowthere is no phase-shift analysis
available at the relevant energies due to a lack of high energy
+Wg”’7)§(m)éa0/\/ll_ (17)  pn scattering experimen{®1]. Therefore, in this paper we

will not consider the effects induced by the initial state in-
The last term involves mixing iW{™ as well as in&(m) teraction. Let us mention, however, that their effects do not

and is therefore a second order correction. Close inspectighfluence the qualitative aspects discussed here. Note that the

reveals that in the regiom=2my the third term in Eq(17) scalar amplitudes, b, ¢, andd are expected to have quite
should be suppressed by a factor smooth energy dependence and, accordingly, can be consid-

ered as constant in the near threshold region.
In Ref.[14] the transition amplitude was given in a partial
~0.12 wave decomposed form. Obviously the two descriptions are
Jagmy= 01 mi— m2) equivalent, however, we regard E48) as more convenient
for the construction of polarization observables.
compared to the second term. In this estimation we used the The amplitude relevant for the near-threshold production

valuess, o;~5000 Me\? determined fromKK decay loops of an isoscalar scalar meson can be constructed along the
(see Fig. 2 in Ref[6]) at m=2my and thew 7 mixing am- same lines and is given by

plitude X 0,~=—5000 Me\? (see Ref.[6] and references
therein. We also use the masses and Widlﬂm§0=mfO

=980 MeVic? and I', =T, =50 MeV/c* and coupling  Similar expressions for the amplitudék) and (19) can be
constantsg,, ., and g .. that are determined from the found in Refs[7,22]. Note, however, that the terms propor-
equations T, =g§ m,qm/(Sng ) and T tlonal_ tog a_ndd were omitted in that work.

2 / 160 5 0 h 0 q 0 It is obvious from Eqs.(18) and (19) that M;xk and
=307 ynrlnr/(16mm; ), where 4., and q,, are corme- o const near the threshold. For the isospin conserving
sponding relative momenta. Consequently, both terms—thease we therefore get

third and the last in Eq(17)—will be neglected in what

follows. do

dm?

gfo’ﬁ"IT| )\71'077| maorao

Mo=1(S-€)+g(p-S)(p-€*). (19

do
(pn—dag)=Q3? and d—mz(pn—>df0)ocQ1/2,
IV. STRUCTURE OF THE PRIMARY PRODUCTION

AMPLITUDE whereQ(m) = /s—M4—m is the excess energy. Thus, if we

As we argued in the former section, one can safely asStudy the production of an isospin 1 final state, namely,
sume the primary production amplituded, as isospin con- the mixing with the isoscalarfg) state will be kinematically
serving. In this section we demonstrate how to construct th€nhanced6].
effective interaction relevant for the transitions
pn—d+ (scalar meson)n the close-to-threshold regime. V. STUDY OF OBSERVABLES

As pointed out in Refs[6,19], if the scalar meson has
isospin 1 it can only be produced inmwave. Since the
initial pn system has to be in an isotriplet state and has to Naturally the simplest observable is just the invariant
have odd parity, the Pauli principle requires that it is also inmass spectrum of the reactipm— dX. As long as we look
a spin-triplet state. Thus, the effective transition operator fomat energies/values oh? such thatQ(m?) is small, the spec-
the isovector final state has to be lineakiand has to have trum should show a resonant peaks ypy reflecting them?

A. Invariant mass spectrum
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dependence of thi, propagator, cf. Eq(6). It is possible to 012
deduce the branching ratios of a particular resonance by a f|t:
of the Flattedistribution to the mass spectrum. This was g
demonstrated, e.g., for the case of #3ein Ref.[23]. Since ¢
so far little is known about thé&, this very easy to measure 2
observable is very interesting. In addition, the number of all 8 | PR
events in this peak is proportional to i i

| Mol?=3f|*+2 Re(tg*)p*+|g|p*, _

cf. Egs.(6), (7) and (19). Note that the knowledge of the 06
amplitudesf andg is important, if we want to deduce quan-
titative informations about th&,/a, mixing amplitude from

the reactiorpn—dX.

Definitely the most interesting observables are those con- 04
cerning the channgbn—d#, since here the isospin con-
serving amplitude enters in @wave whereas the isoscalar
amplitude, which can be mixed in via isospin violation, en-
ters in ans wave. This is the kinematical enhancement men-
tioned at the end of the last section.

Let us discuss the mass distributioie/dm,0,, for the
7%7 system in the react|opn—>d7r 7. Note that near the 0 b I 10'2:’“" 40
threshold of the reactiopn—da) this mass distribution m, MeV
should be sensitive to the magnitudeagffo mixing as well
as to the mixing mechanism. FIG. 3. Spectra of ther®y invariant mass for the reactignn

Consider first the limiting case of isospin conservation, so~d7°7 at T,=2645 MeVk. The dotted line corresponds to a
that thead-f, m|xmg is absent. In this case the mass spec/éaction mechanism Wh%re @ meson is produced in pwave
trum of the 7r° 7 system should coincide with the spectrum and then decays into the” 7 system. The dashed line corresponds

n . + to the production of afiy meson in ars-wave that mixes into aa,
of the 7 77 System from the reactiopp—day —apart from i 3. 0=const, cf. Eq.(13). The solid line shows results where
an overall(isospin factor of 0.5[7]. The amplitude of the s i - :

. 0. . . . . 10 is evaluated from th&K mixing mechanism. Note that all the
reaction p.n—>d7r 7 1S thert glv(en by the.d@gra.m c_)f Fig. distributions are normalized to 1 at their maximal value.
2(a). In this case the invariant”7-mass distribution is de-
termined by the phase space ang,, , which was defined in
Eq. (5) and is dominated by the, propagatoicf. Eq.(10)].
The 7%»-mass distribution obtained under these asumptions
is shown in Fig. 3 by the dotted line. The calculations areFor illustrative purposes we will udd; =980 MeV/c? and
done aff,=2645 MeVk where experimental results can be the same Flatttike width that was used for thag meson
expected from the ANKE Collaboration sofd2]. The pa-  above, i.e.I'; (m*) =T, (m?).

rameters used here arél, =980 MeV® and T, Of course, now the invariant mass plot becomes sensitive
=50 MeV/c’. The mass- dependent width is described by ao the specific mixing mechanism. For example, if we as-
Flattelike form I'; (m)=T, +Tik(m), which takes into  sume that the leading contributionXg,(m) comes from the
account theKK decay channd]see Eq.(8) in Ref.[6]]. As  direct ag-fo transition mechanism, i.e., the term in Eq.
we discussed in the previous sections, the isospin conservir{d@3), then there should be no drastic dependence on the in-
production of thea) meson can take place only inpavave  variant massn of the %7 system. Ther®»-mass spectrum,
and hence is suppressed near threshold. corresponding to the mechanism of FigbR and with

If isospin is not conserved arab-f, mixing is present, 3 qy(m)=const, is shown in Fig. 3 by the dashed litall
then the wn system can be produced also in anwave the distributions are normalized to 1 at the maximal vajues.
through thef,. The corresponding diagram is shown in Fig. On the other hand, i&y,(m) is determined mainly by the
2(b). For this mechanism the®» mass spectrum is deter- kg loop [the termlT+ - — oo in Eq. (13)], it should be
mined not only by theao propagator, the partial wave of strongly enhanced near theK threshold(see, e. g., Refs.
production and the phase space but also byfgheropagator 1 4 &) The corresponding®»-mass distribution is shown
and by the mass dependence of the nondiagonal self-ener Fig. 3 by the solid line.
matrix elemento,(m) [cf. Egs.(13) and(16)]: Thus, we conclude that the®s mass spectrum is rather

sensitive to thea8—f0 mixing mechanism. That is why the

202(M) study ofdo/dm,o, in the reactiorpn— d=°7 should allow

; . us to shed light on the nature of the lightest scalar mesons
= ME My Ly (m?) a,(980) andfg(])(980). ’

0.2

&(m) =3 6y(m) Gy (M%)~
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B. Analyzing power for the processpn—dm#n
1. Near threshold

In our approximation the total amplitudet of the reso-
nant 77 production witha3-f, mixing effects taken into
account may be written gsf. Eq. (17)]

M:M1+§M0, (20)
where the amplitudes1, and M are given by the Eq$18)
and(19) and the mixing parametérwas defined in Eq(16).

Let us introduce the polarization of one of the nuclegns
throughd= ¢, o, or ¢, =(1+ ¢ )/2. The matrix ele-
ment(20) squared and averagésummedl over the polariza-
tions of the initial neutror(final deuterohis then given by

| M|2= %[(|a|2+|c|2)p2k2+3|8|2+|D|2p“]+(p~k)ReH
+p?Rega*D(p-k)+B*D]+ (& [kXp])ImH,
(21
where
B=b(p-k)+f& D=d(p-k)+9é,
H=a*B+a*c(p-k)+B*c+D*cp?.

Let the polarization vectol be directed along the axis
(£Lp). Then, in terms of the angle® and ¢, we havep-k
=pkcosd and ¢-[kxp]=¢pksindsing ({=|{). Using
those expressions E(R1) may be written as

| M(6,¢)|?=Coy+C1c0860+ Coco$0
+¢sinfsing(Dy+ D4cosh), (22
where
Co=2(lal?+|c[?)p?k?+ (| f[>+3|f+p*gl?)[£]%,
C,=pkRe([(a+b+c+p?d)*(f+p?g)+2b*f1¢),
Co=p*k’[[b|*+z|b+p?d|?

+Rea*c+(a+c)*(b+p3d))], (23

Do=pkim([a*f—c*(f+p®g)]é),
D,=p%k?’Im(a*b+a*c+b*c+p2d*c).
We can now generalize the definition of the asymmaétry

given in Ref.[6] to the polarized situation. Using the short-
hand notation

d?a

o(m; 8,¢)= (6,90), (24)

dm?dQ

we now define the angular-asymmetry paramétéhrough

PHYSICAL REVIEW C 66, 015207 (2002

o(m;6,0)—a(m;7— 60,p+ )
o(m;0,0)+o(m;7— 0,0+ m)

A(m; 6,¢)=

B C,cosf+ {Dysinfsing
Co+C,c086+ ¢D;coshsinfsing

(25

It follows from Egs. (23) and (25) that C;=Dy=0 for ¢
=0 and thus

A(M; 8,¢) =0 (26)
when isospin is conserved.

Let us discuss some specific features of the expression
(25) in the following. First note that there are two different
terms. The first term does not depend on the polarizatioh
the proton beam and on the angle Therefore, Eq.(25)
implies that

Gy
Cot+Cy°

A(m; 9=0° ¢)= (27)

This particular result for the asymmet®ywas derived ear-
lier in Ref.[6] but not in terms of the amplitudes b, c, d, f,
and g. The discussion in Refd.7,22], on the other hand,
takes into account only the amplitudasb, c, andf, but not
the amplitudes] andg.

At 6=90° and for{#0 we get

. Do .
A(m; 6=90°,p)= §C—Osm<p

_ 2¢{pkim([a*f—c*(f+p®g)]é)sine
(a2 + [ep?+ (2[4 £+ pPg D) 7
(28)

Obviously the isospin-breaking effect for different angles
6 and ¢ depends on different combinations of the basic am-
plitudes. Thus, experimental information on the asymmetry
obtained with polarized beam could allow us to deduce ad-
ditional constraints on the amplitudesb, c, d, f, andg of
the ap- and fy- production reactions. With regard to that let
us mention that the model af;-meson production discussed
in Ref.[6], which was based on the impulse approximation,
leads toA(m; #=90°,p)=0—because in that model=c
=0.

Throughout this paper we make the assumption that isos-
pin breaking takes place only in the propagation of the scalar
mesons. This implies that the mixing strength is the same for
all partial waves. On the other hand, if a significant mixing
takes place also in the initidlN interaction or in the pri-
mary production amplitud@4, there is no reason to expect
this mixing as being partial-wave independent. Thus the
study of polarization observables allows us to examine this
basic model assumption in a clean way.

In addition it will be very interesting to study thma de-
pendence oA(m; 6, ¢) in detail. By constructiorA projects
on the isospin breaking pieces of the amplitude. Therefore,
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the m dependence oh gives direct access to tha depen-  served. The amplitude&8) and (19) correspond to thes,

dence of2,(m) and thus to the mixing mechanism. terms in Eq.(30) in the lowest order approximation with
) _ respect to the final momentuky i.e., keeping only contribu-
2. Higher energies tions that are at most linear ik The next order term with

As mentioned above the asymmefym; 6, ¢) [Eq.(25)]  respect tk in the amplitude form,-meson production is the
will become zero ifad-f, mixing is not included, i.e. fog ~ d-wave contribution. This ternfof the order~k?) contrib-
=0. This result is in line with the observation made in Ref. Utes toF, in Eq. (29) and modifies the amplitud#1, given
[24] that the asymmetrA(6) is identical to zero in the re- N Ed.(18), i.e.,
actionpn—d? for the unpolarized case. Let us emphasize,
however, that the vanishing of the asymmeftgm; 6, ¢) in Mi—M+F dior¢,,  Fr=e(e -[pxk])(p-k),
the limit £=0 for the polarized case is true only near thresh- (39
old, where theay meson is produced in pwave and thd
meson in ars wave, see Eqg18) and(19). The expressions wheree is a scalar amplitude. It is clear that the asymmetry
(18) and (19) do not take into account contributions from A(M; 6,¢) (25), calculated with the amplitudedl), will get
higher partial waves, specifically they do not include, e.g.nonzero contributions- k2 for smallk due to the interference
the d wave production of the, meson and the wave pro- betweenp and d waves. It follows from Eq.31) that F,
duction of thef, meson. In the following we want to con- =0 at sind=0 or coss#=0. In general, thé-; term contains
sider this question in more detail, assuming that isospin igll contributions with even valuetyy,Lyg=2,4,6... .

conserved. Thus, each contribution should include the facesr-[p
The amplitudes fom,- and fo-production in the reaction K] as well as the factgp- k. Therefore, even in the general
(1) can be written in the most general form as caseF ;=0 if sin =0 or cosf=0. Accordingly, for the case

of conserved isospin we get
M= ¢105(F i+ G- 0) s, (29

A(m;6=0,p)=0 (32
whereg, , are the spinors of the nucleons. The two tefs
and G, correspond toSyy=0 and Syy=1, respectively, at anyk—and not only near threshol¢ompare this result
where Sy is the total spin of the initiaNN system. The ith that from Eq.(26)]. This result(32) confirms a general
subscriptl denotes the isospin of the produced scalar mesorstatement made in Ref24] on the absence of a forward—
The scalar and vector functiorfs, and G, depend on the packward asymmetry for the reactipm—dXx° in the limit
vectorsp, k ande. LetLyy andLq be the angular momenta of isospin conservation.
in the initial NN and in the final mesond systems, respec- |t is remarkable that in addition to the conditi¢26) for

tively. It follows from the conservation of quantum numbersthe case of polarized proton beam we get also the nontrivial
together with the required antisymmetry of the system withresylt that

respect to the initial nucleons that thg (G;) term in Eq.
(29) should contain only the contributions from evérdd) A(m; 9=90°,¢)=0 (33)
values ofLyy andLy 4. One can also see that thg (Gp)
term should only contain the contributions from og@kven if isospin is conserved. Therefore, any deviationAgin; 0
values ofLyy andLyg. In the isovector (=1) case thes =90°,¢) from zero is a direct indication faad-f, mixing.

mavlf GENN: Ltht: O_t)hlsa‘forblddeg, "?r']' the contleutlons tof Note that this statement does not depend on the number of
€, term start wi wave. For thé case Where one ot ,a waves taken into account, i.e., it is valid for any ex-

the nucleons is polarized, the expression for the squared m ess energy and not only near threshold. Consequently, a

trix element(29) is given by the form measurement of the asymmetryéat 90° should provide us
with evidence on theag—fo mixing amplitude. We want to

— 1
|IM,||2= §[|F||2+([F,G,* +FfG -0+ (G -G) remark that this information is to be considered as comple-
mentary to the one that can be obtained with unpolarized
+i(L[GXGF])], (30) beam. It should be mentioned that the vanishing of the asym-

metry at6=90° for the reactiorpnﬂdag does not follow

where( is the proton polarization vector. The second term infrom the theorem formulated in R€f24] and is new.
the expressiori30) corresponds to the interference between Finally, let us discuss the situation & 0° and 6+ 90°.
the F, andG, amplitudes. Thus, this term is an odd function If the amplitude fora3-meson production is taken of the
of the final momentunk. All other terms in Eq(30) are even  form (20), i.e., isospin-breaking effects are included, then the
functions ofk. We see that the second term is responsible foteading order contribution to the asymme#kym; ¢, ¢) is of
the angular asymmetry in the reactiti even if isospin is  the order~ &k [see Eqs(23) and(25)]. The next-to-leading
conserved. It vanishes in the case of unpolarized protongerms in the amplitudeM\; [see Eq.(31)] give rise to con-
i.e., A(m;0,0)=0 for {=0. tributions of the orderk?® to the asymmetry from isospin-

Note that the amplituded.8) and(19) are special cases of conserving terms. Thus, when studying isospin-breaking ef-
the general form Eq.29) with F;=0. Also, setting=,=0 in  fects over a wide region of, one should considetg-meson
Eqg. (30 we always getA(m;6,¢)=0 if isospin is con- production in a rather narrow region of relative momekta

015207-7



A. E. KUDRYAVTSEV et al. PHYSICAL REVIEW C 66, 015207 (2002

i.e., at small excess energies, in order to suppress contribu- Very important information orag-f0 mixing can be also
tions toA(m; 0, ¢) from isospin-conserving amplitudes with expected from a study of the mass distributshr/'dm, o, for

higher angular momenta. the 7%% system in the reactiopn—d« 7. If the isospin is
conserved, then the mass spectrum of #tle system from
VI. SUMMARY this reaction should coincide with the one for thé 5 sys-
. + . .
Let us summarize the main results of this paper. The mod€M from the reactiorpp—da, . Differences in the mass

sensitive observables for examining m&‘fo mixing ampli- distributions of then®s and thew* 7 systems are a clear
tude are(i) the angular asymmetr(m: 6, ¢), as defined by signal that the isospin is not conserved and ﬁﬁato mixing
Eq. (25) of this paper, andii) the distribution of the effective is present. The mass distributidiar/dmo,, for the 7°7 sys-
mass of ther®# system near tha$ threshold. With regard to  tem is also extremely sensitive to the mechanisnagf,
the angular asymmetnyA(m;6,¢) for the channelpn mixing. For example, in the case whea@-fo mixing is
—d#%, it is expected to be rather large, i.e., in the order ofgominated by th&K loop, thew®» mass spectrum will be
~10"1. For the case of an unpolarized beam the forward—Strongly enhanced near theK threshold
backward asymmetry was estimated earlier in R&}. The Thus. we conclude that the stud .of the reaction
study of the asymmetmi(m; 6, ¢) with perpendicular polar- 0. y |u>
ized proton beam should shed additional light on the mecha=" 9@ IS extremely us%zful to understand the mechanism and
nism ofa, production in the reactiopn—>da8. As we have the magnitude of the,-fy, mixing amplitude. The knowl-

shown, the various basic amplitudes for this reaction giveedge of this mixing amplitude should allow us to shed light

different contributions toA(m; 6,¢) at different angles. on the nature and the quark content of the lightest scalar
Since by constructior projects on the isospin breaking MesoNsa,(980) andfo(980). _ o
pieces of the amplitude, the dependence oA gives direct Several interesting observables were not discussed in this
access to then dependence df 4,(m) and thus to the mixing Paper and are to be studied in a subsequent work. One ex-
mechanism. ample is the differential cross section fpm—dK™K™.

Note, in experiments with po|arized beams’ isospin_since this final state does not have definite iSOSpin the dif-

breaking effects give contributions ¢k to the asymmetry ferential cross section develo_ps a forward—bapkward asym-
A(m; 6,¢) in leading-order with respect to the final momen- Metry at larger excess energi€s Models predict that the
tum k. Isospin-conserving amplitudes give contributionskaon loops are an important source for the mixiayy There-
~k3 due to d-wave terms. Thus when studying isospin- fore, the measurement_of a forward—backward asymmetry
breaking effects over a wider range @fand ¢, one should for the procesppn—dKK (the sum ofpn—dK*K™~ and
considerag—meson production at small momerkaor small pn—>dK°f°) should help to pin down thag-fO mixing am-
excess energies. Accordingly, when studying the reactioplitude. Corresponding measurements of these decay chan-
pn—d=°y near the threshold ad, production, one should nels should be feasible at the ANKE and TOF facilities, re-
limit the invariant massn of the 7%y system in a narrow spectively, at the COSY accelerator iflidh.
region near threshold. Note that the contribution of the Finally, let us consider the reactiad— *Hen®7. Evi-
d-wave to the reactiorpn—day; may be monitored by a dently, here isospin is not conserved. Near éigethreshold
simultaneous measurement of the differential cross sectionthis reaction should proceed only through the chelith

If isospin is conserved, then asymmetry effects should be—>4HefO—>4Hea8—>4Heq-r°77. Thus, thew®» mass spectrum
absent aty=0° or #=90°, even in the polarized case. The of this reaction should be even more sensitive to afje

angle §=0° is not conclusive for the reaction with a polar- mixing mechanism than the one for the reaction— dad
ized beam, since all polarization effects are proportional tcm'

{sinfcose and vanish at sif=0. Thus, the asymmetry for
6=0° coincides with the one for unpolarized nucleons. The
case #=90° is much more interesting when studying the
isospin-breaking effects in the reaction with polarized pro-
tons, since polarization effects are maximal at this angle. The authors are thankful to L. A. Kondratyuk and M.
Anyway, in either case{=0 and #=90°) a nonvanishing Buscher for stimulating discussions. This work was partly
asymmetryA(m; 6,¢) can come only from isospin-breaking supported by DFG-RFBI Grant No. 02-02-040QB6 RUS
effects. 113/652/1-) and by RFBR Grant No. 00-15-96562.
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