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Form factor for the Dalitz decay of K
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The Dalitz decay of th&, meson is investigated in consistency with the approxinAte= % rule in the
K— mrm decays, th& -Kg mass difference, and th€ — yy decay. The form factor for the Dalitz decay is
compared with the existing data froky — ye*e™ and yu™ u~. It is demonstrated that vector meson poles
can play an important role.

PACS numbsgs): 13.40.Gp, 12.40.Vv, 13.25.Es, 13.40.Hq

A recent result on thé&; — yy* form factor measured reviewed briefly below. The amplitude for the
through the Dalitz decaik, — yu™ ™ [1] seems to be not K(p)— mi(ky) m,(k,) decay can be approximated in the
compatible, in the lower photon-mass region, with the previform
ous ones through the decy — ye™e™ [2,3]. The existin _
theoretical anagllyse$4] in )\svhicyh a contribution of thge M(K—mym2) =Merd(K— m1mp) + Ms(K—mym2), o
K*-meson pole is canceled on the photon mass shell seems
to favor the latter. In this article, we investigate the formwhich can be obtainefb,6] by extrapolatingk,—0 in the
factor from another perspective, in which tK&¢ pole sur-  infinite momentum framgIMF) of the parent particléi.e.,
vives even on the photon mass shell, in consistency with thf— ). Mgrc andMg are given by
other weak interactions df mesons, for example, the ap-

proximate|Al|= 3 rule in K— 77 decays, thé&, -Kg mass
difference Amy), and theK_— yvy decay.

We have studied the approximatdl|= 3 rule in the @
K— 7o decays and th& -Kg mass differenceAmyg) as and
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whereV, andA, denote the isospin and the correspondingie asymptotic/Al|= & rule mentioned above. The small
axial charge, respectively. The isospin $&) symmetry is L 1 . .
always assumed. Thus the amplitude is governedsymp- violation 9‘° the|Ai= 2 fule in theK_),W decay§ arses
totic matrix elementg$matrix elements taken between single from exotic (qq)_(qq) meson c_ontnbutlons t(M5+m _the
hadron states with infinite momentuiof the effective weak ~PreSent perspective]. T{hg}amphtude_ fgr th&s— a7 s
Hamiltonian H,,. Mere and ground-state-meson contribu- dominated byMerc+Mg'¥° and satisfies the approximate
tion to Mg are given by asymptotiground-state-mesoma-  |Al|= 3 rule.

trix elements ofH,, (taken between the ground-state-meson The K -Kg mass differenceAmy) can be writter{9] by
states with infinite momentumit has been shown, from two a sum of short distance contributionifik)spo: @nd long
different but complemental approaches, i.e., one is based afistance contribution Amy),q. However, in the present
commutation relations among _c_harges anq curghd and  perspective, £ Mg) <o Vanishes[10] as will be reviewed
the other based on more intuitive quark-line arguméBls  |5ier. The vanishing Amy) o @nd the asymptotieAl|= 3

which will be examlned again, th"f‘t the asymlptotlc ground'rule for the ground-state-meson matrix elementsigfmen-
state-meson matrix elements satisfy fiid|= 3 rule (the  tioned before are compatible with each otli#6] as seen

asymptotigAl|= 3 rule). Contributions of excited mesons to below. Inserting the commutation relation,
Mg are expected to be small since their masses are mudiVko,04]=0,5-», between(K°| and|K®), we obtain[11]
higher thanmy and overlappings of their wave functions _

with those of the ground-stafglq}y mesons will be small. <K0|0A5=2|K0>= \/§<1-r°|04|K°), (4
For the K"—#"#° decay, both ofMgc and M{Sqq}O

(ground-state meson contribution kbg) vanish because of whereO,s-» is the operator arising from the so-called box
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; ; _3 bined with the~A Vv, coupling, the gauge invariance can
diagram [12] and O, IS, the |Al]= 2 component ofH,,. be all right[20]. Tﬁergfore F\3ve E;::an gegt ri((i:J of the first prob-
Therefore the asymptotid || = 3 rule for the ground-state- lem. Next, the long distanc&*-V-y coupling cannot be
meson matrix elements of, leads to the vanishing canceled by the diredt*-y since the short distandé* -y
(Amy)snort and vice versa. The long distance contribution,coupling should vanish in the standard mof2l]. There-
(Amg)iong: Can be decomposed into a sum of pole and confore, in the theory of weak interactions based on the field
tinuum contributions. The latter will be dominated by contri- algebra, the long distan¢€* -V-y also have to vanish. How-
butions of (@) intermediate states,AfMg),,. We here ever, nonleptonic weak Hamiltonian in the theoretical frame
take [13] (Amy) /T’ ,=0.22£0.03, which seems to be work of the field algebr&i19] is given bysymmetrigroducts
well constrained. Therefore we concentrate on the pole corsf left-handedcurrents and its dominant part transforms like
tribution which is approximated bj14] 8, of SU(3) [no|Al|= 2 part is included in contrast with

the standard model in which the effective weak Hamiltonian

0 2
[(KLIHW| P3| is approximately written in the forrf22]

[(KYH V)2
(AMK) pole= ; m_; 2me(m2—m2)
| " (5 Hy=c_O_+¢,0, +(c,0p)+ H.c., @

whereO.. (andO,) are normal ordered operators. The main

in the IMF, whereP;= 7, 5, »’, « [a glueball or a glue-rich :
meson withdPS=0"*] andV;=p°, ®, ¢. In this way, the term c_O_ transforms like8, (not 8;) of SU;(3) and tf;e

K. -Ks mass difference also can be given by the asymptoti€oefficientc, of O, which is the origin of thelAl|= 3
ground-state-meson matrix elementsHyf . interactions is not very smafand the penguin terr®, in-

Now we study the, — yy™*) decay. It is knowr12] that cludes right-handed componentdhe above structure of
the short distance contribution to tig — yy decay is too Hw in the standard model is very much different from the
small. Therefore we need to consider long distance contribuyt€éak Hamiltonian embedded within the theoretical frame-
tions to reproduce the observed rate for this decay. Amony/ork of the field algebra. Thus the theory of weak interac-
the possible long distance effects, pole contributions will bellons based on the field algebra seems to be far from the
most important since contributions of two and more pionstandard one. This trouble seems to be caused because the
intermediate states are suppressed due to the approximai€ak interactions were embedded unreasonably into the
CP invariance and the small phase space V0|ume' respegjeoreucal framework of the field algebra which is one of

tively. However, it has been show5], in a chiral Lagrang- 10w energy effective theories to derive the vector meson
ian approach, that a sum e, 7, and 5’ meson pole am- dominance. Therefore the weak interactions and the vector

plitudes with the usualy-»’ mixing (the mixing angle Meson dominance will have to be treated separately for the
fp=—20° [16]) is hard to reproduce the observatiftg]  Present. Since it is known that another thef2g] to derive
T(KL— ¥Y)exp=(7.26+0.35)x 10" 12 V. Therefore, one the vector meson dominance is possible, we now need not be
has to take into account some other contributions. For exconstrained by the field algebra even though we use the vec-
ample, a possible role of the gluebal) through the quark- ©Of meson dominance. We can actually write down, in a
loop (or the so-called penguireffects has been considered in 9auge invariant form, th&, — yy amplitude involving the

Ref. [17]. (However, it will be discussed later that the K”-V-y coupling(but not the direcK*-y). Its off-shell am-
contribution will be small in the present perspectivehe  Plitude is given by

pseudospala(PS meson_pole amplitude for th&, —yy Arce (K — y7* (k2))

decay given in Ref[17] will be extrapolated to the off-shell <* "t 7Y
region k*#0) in the form Sy \/EXViXVjA(KO—>K*°Vi)<K*°|HW|Vj>A=i1
(KL[HW|P)A(P;— yy) Vi Y

(6) 1 1

+
Mg, (Mig — k) (Mg —Kk%) (M, —k*)mig, m§,

* (1e2)) —
Ap(KL— 7y (kK9)=2 (M~ ) (1= KTAD)

whereP;=7° 7,7, and., since the observed form factors
for the 7% 7, 7' —yy* decays are well described in the ®)

(1 — L2 A2\ =1 _
form [18] ~(1—k*/Ap) "~ with Ap=m, . with V,=p° o, and ¢, Wherex\,izemz,i/f\,i (f\,i is the

Another possible contribution to the, — vy decay will o .
be thek* meson pole. However, there have been argumentdSu@l photon-vector meson transition momesithe photon-

[19] against thek* pole contribution. The basic ideas of YECIOr meson coupling strength. The subsckipaf the ma-

these arguments were, on general grounds, tmy the X element(K*°[H,|V;), ., denotes the helicity of the
~F,,,V,., type of photon-vector meson coupling should peVector meson states which sandwiel),. Then the ampli-

allowed because of the gauge invariance and, on the fielfyde for thek, —yv* decay, which is dominated by the pole
algebra hypothesis, that a sum of th&-V-y (V=p°, o, contribution as discussed before, can be approximated by

¢) transition amplitudes should be canceled by the direct * L2\ * (1,2
K*-y coupling. It is true that the-A,V, type of photon- AKL= 77 (K))=Ap(KL— vy (K)
vector meson coupling by itself violates the gauge invariance + A (KL — yv* (K?)) (9)
but, if theV interactions are generated by the minimal prin-

ciple, or equivalently, if a negative photon mass term is comand then the form factor for th€, — yy* is given by
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5 AK —yy* (k?)) rule for the ground-state-meson matrix elementdigfand
f(k%)= AK =7y (100 the vanishing short distance contribution in #e-Ks mass
L difference are compatible with each other in the present per-
whereA(K, — yy) =A(K, — yy* (k?=0)). spective as discussed earlier. We extended the same quark-

Now we evaluate E(9) with Egs.(6) and(8) in the IMF  line argument to asymptotic matrix elements of charm
because of consistency with the prior investigations of théhanging Hamiltonians and reproduced well a large violation
K— mm decays and\my. Then theK,— yy* amplitude of charm counterparts of the\l|= 3 rule, a long-standing
also is governed bgsymptotiamatrix elements oH,,. Con-  puzzle,['(D°— K"K )/T(D°— 7" 7~)~3, etc., in consis-
straints on the asymptotic matrix elementsHyf taken be- tency with the other charm meson decgg6]. In these ar-
tweenk =0 states have already been obtained from two dif-guments, only tha =0 matrix elements ofl,, take part. We
ferent approachd$—8|. We here review the intuitive quark- here present the results on the asymptotic matrix elements of
line argumen{8]. The normal ordered operato@s. can be H,, between two pseudoscald®S meson statefl0],
expanded into a sum of products @) two annihilation and

two creation operatorgp) one annihilation and three cre- (m [HW[KH) == V2( 7 Hy KOy = (141 (D) H(PS,
ation operators(c) one creation and three annihilation opera- (14
tors, and(d) four annihilation or four creation operators of

quarks and antiquarks. We associate these products of anni- V2( 70| HW K%)= —(1-r)H®PS,

hilation and creation operators with different types of weak (15
vertices by requiring the usual connectedness of the quark (ns|HW|K°>=r§30>H(PS’,

lines. In this procedure, we have to be careful with the order

of the quarks) and antiquarts). For (a), we utilize the two (go|HW|K°>=F(pO)H;PS, (16)

annihilation and the two creation operators to annihilate and _

create, respectively, the quarks and the antiquarks belonginghere 4, 75, andg, are u+dd)/\2, (ss) and glueball

to the meson statd$qq}) and({qq}| in the asymptotic ma- components witl’©=0"", respectively. They mix to real-
trix elements ofO.. . However, in casegh) and(c) we now ize the physicaly, »’, and.. In this paper, we consider the
have to add a spectator quark or antiquark to reaclusual »-' mixing with the mixing anglefp=—20° [16]
({aqqa}|O-[{qa}) and({qq}|O-|{qqaa}), where the four  (, s treated approximately as a gluebal(® denotes the
quark mesongqqog} are classified into the following four ynknown fractional contribution of the penguior the quark
types [24]: {qaqq}t=[qallqql®(qg)(qa)®{[qal(dd) loop) diagrams relative to those of tike O_ in these asymp-
*(ag)[qql}- () and[ ] denote symmetry and antisymmetry, totic matrix elements taken between the helicity 0 states.
respeptively, under the exchange of flavors between theny(PS) gnq HéPS) provide the normalizations of thessymp-
The first two components,qq][qq] and @a)(qq), can  totic matrix elements taken between the PS meson states and
haved”(©=0" (") but the las{[qq](qd) = (qa)[aal} have  petweeng, and K° meson states, respectively. The matrix
only JF_’=1+- _ elements ofH,, including vector meson stds, (V[H,|K)

_ Noting the antisymmetry property f meson wave func- - and(v|H,|K*),_o.1, also can be parametrized in the same
tion under exchange of quark and antiquark composing ifyay. The asymptotic matrix elements taken between helicity
[25], we obtain, in the IMF, A=0 states,(P|H,|K) and (V|H,|K), can be related to

— — each other, for example, as
({a9}0|O+[{ga}e)=0. (12) P

0 0\_ 4+ /0 0
In the same way, (P°[Hy|K®) == (7" |H,|K"), etc., (17)
_ _ by using algebraic calculatior$,7]. We take the positive
([aqllqql|O+[{aq}o)=0 (120 sign as in our previous papei—8,10,26.
The size of PS meson matrix elements Hf, will be
estimated later by using our hard pion amplitude for the
— =\ _ Ks—m"m~ decay and the observed value of
((aa)(qa)|O-[{agto)=0 (13 I'(Ks— 7" 7). However, we do not know how to estimate

can also be obtaind@]. These are quite reasonable from thereﬂafly the size of matrix elements &, taken between
symmetry property of the wave functions of theq][qq] = _; vgctor meson stqteéWe co_l_JId use the chtorlzatlon
and (q)(qq) mesons under the exchange of the flavors ofPrescription to estimate it as Bergstieet al. [4] did. How-

quarks and antiquarks. The penguin term always satisfies tHY€"» We wonder if the prescription is reliable sirtég is not
|Al|= 1 rule. Therefore Eq(11) implies that the asymptotic a simple product of currents but normal ordered operator and
5 .

" ) its matrix elements cannot easily be factorizetherefore,
ground-state-meson matrix elements bff, satisfy the \ye here parametrize the relative size between these matrix

|Al]= 3 rule. Nonvanishing(qq)(qq)|O. [{ad}o) can give  elements witi\=+1 and\=0 by
the natural origin of the small violation of tHal|= 3 rule
in the K— 77 decays. The same procedure as the above to

. O O _ .
obtain Eq.(11) leads us “?“T |04lK >_S’ whereQ, is a where « is a parameter introduced. The following helicity
component oD, and provides theAl|= 3 part ofH,,, and  argument suggesta>1 (contrary to the factorization by
also (K% 0,s-,|K%) =0. Therefore the asymptotial|= 3  Bergstfan et al.[4]) andré°)>|cp/c,|. The operator®-. in

and

(POl HWIK* )= 1= (7O Hy |KO), (18)
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Eq. (7) are of normal ordered products of left-handgdH) similar ones for the asymptotic matrix elements,
currents and the penguin operatOy,, includes right-handed (p%(w,$)|H,|K%, into Eg. (5), we can express
(RH) components. Now we consider Lorentz invariant ma—(AmK)pole/rKS as a function ofr E)O) and rnggPS)/H(PS),
trix element.sloﬂ-|w. In t.he cgnter of mass syst_em Kifor wherel'_is the total decay rate &f5. We restrict the value
K*, the helicity of a pair of light quark and antiquark pro- S ) .
duced through LH currents will be dominated by==1 at  ©f g 0 be|rg|<1 since the overlapping of the wave func-
short distance. ThereforgP|O_|K) might be reducedthe tions between the glueball ari meson is expected to be
so-called helicity suppressipn  relatively to smalller than that between two ordmary PS mesons. Then the
(V|O_|K*)\~+1 and (P|O,|K) if short distance physics contribution of the glueball ) will be m_uch smaller than
survives in these ground-state-meson matrix elements dhose ofm®, 7, andn’ because of the high mass of
H,,. Because of its small coefficiefnd the possible helic- By using the constraints on the asymptotic matrix ele-
ity suppressiop we here neglect the penguin contribution to ments ofH,,, Egs. (14—(16), and similar ones including
(V|Hy|K*),_ 1. Even though we take this approximation, VECtor meson states, the parametrization, E6), and the
(p|HWlK*),_+; still satisfy the same selection rule as values of[(m°|H,|K®)]|, X\'s and A(P—v)'s estimated
(| HylK). above, the amplitudeA(K_ — yy), and the form factor,

To compare our result on thé_— yy* with experiments, f(X), for the K, —y»* can be given as functions of”,
we estimate values of parameters involved in the amplitudd.q, and a. Before our result od’(K_— yy) is compared
We, first, estimate the size dfr|H,,|K). Neglecting small ~ with the observation, th& -Ks mass differenceAmy, is
contributions of excited-state-meson poles and substitutin§jtted to the measured value. In the present perspective,
the constraints on the asymptotic ground-state-meson matriémg /', is approximately given by a sum of

elements ofH,, Egs.(14) and (17), into Eq. (1) with  (Amy)pee/Tk and Amy),,/Tx, as discussed earlier,

Egs. (2 and (3), we obtain A(Ks—m'm )  \hare the former has been gi iorr B

— Iy + s S given as afunctlorr[ﬁ and
I_({)ﬂ) <Wpr]|aHSVgK s>h>i<ftl.2§t T’n whe;?] d§0 t(h_e ?gf())r:[;g]e rq before and the latter has been constrained as
o o A /T =0.22+0.03 in Ref.[13]. O It is not
[(K{|Hy|7°)|=1.9x10""m2 from the observed decay rate (AM) 7 Ks In Ref.[13]. Our result is no
[16], T(Kg— 7" 7 )exp=0.77 10 sec L. very sensitive ta 4 as expected. Therefore we neglect the

The values of photon-vector meson couplins, X, , contribution toAmy . Then, forré0)20.31, ourAmK/FKS
and X,, which are involved in the amplitude for the reproduces well the observed valig6], (Am/T'k)expt
K_— vy decay can be estimated from the observed cross-0.476-0.002. Next, we compare our result on
sections for the photoproductions pf, w, and¢ mesons; T'(K, —yy) with the experimental data cited before. Our
X,=0.033-0.003 GeV?, X,=0.011+0.001 Ge\?, and result is again not very sensitive tg as long aérg|<1 as
X4=—0.018£0.004 GeV on the photon mass shdl27]. discussed before. It implies that the glueball contribution to
The sizes of the amplitudesA(7°— y7y), A(n—yy), this decay is not very important in contrast with REX7].
A(n'—1vyvy), and A(t—yy), are estimated from the ob- Therefore we neglect the glueball contribution. Then, for two
served decay rateg16], I'(m°—y7y)exp=7.7+0.6 €V, sets of values of ¥ anda, i.e., (i) for 0.30<r{?<0.32 and
[(7—=7Y)ep=0.4650.04  keV, T'(n'—yY)ep=426 34<a<35, and (i) for 029%<r{’<032 and

+0.19 keV, andl’(t— yy)epr<1.2 keV. We determine the 1.3<qo<1.4, we can reproduce A /T'k)exp and
relative signs among these amplitudes by using the quar

e o /s 5 F(KL—> YY) exptr SiMultaneously. The allowed values rff’
model. Then we obtaif ("~ yy)=3.5<10" (MeV) ™, around 0.3 are much larger than that/gf/c_| expected in

0 - the perturbation theor§22] and imply that the penguin con-
A= yyIA(m = yy)=0.94, tribution is important, although still not dominant, in the as-
/ 0 _ ymptotic ground-state-meson matrix elementsHyf. The
A =yl AT —yy)=1.24, allowed values ofx larger than unity seems to be a remnant
and of the short distance physics as suggested before. The above
(i) and (i) lead to |Axx (K —yv)|>|Ap(K.— vy)| and
A(t— yy)A(7m°— 17)<0.36. |Agx (KL= v7)|<|Ap(K_—y7y)|, respectively. If theK*
pole contribution toK, — yy were neglected, its observed
Even though we use the upper limit as the value of the lastate could not be reproduced for reasonable values(f
ratio, our result on th&, — y is not very sensitive to itas and ry. The calculated values of the form fact@y for
will be seen later. The coupling(K°—K*%°) is estimated  r{”’=0.31 anda=3.42 and(ii) for r{’’=0.31 anda=1.34
to be A(KC—K*%0%)=-0.86 (GeV) ! from the above are compared with the experimental data in Fig. 1. The data
value of A(7°— y7y) by assuming the vector meson domi- from theK, — ye*e™ at BNL[2] and at CERN 3] are con-
nance and the asymptotic $(B) symmetry[28] (or the sistent with each other. However, they are not compatible
nonet symmetry The estimated value oA(K°—K*%°%  with the new data from th&, — yu ™ u~ at Fermilab[1] in
reproduces well(K*%— Koy)expt. Because of the negative lowerx region. The existing theoretical analy$d$in which
sign of A(K°—K*%°) opposite toA(7°— wp®), the K*  the K*-meson pole contribution is canceled on the photon
pole amplitude, Ac+ (K, — yv*), interferes destructively mass shell favor the former data. Therefore their predictions

with the PS meson pole amplitudép(K, — yy*). on the ratio, Rye+e-=I‘(KL—>ye+e‘)/l"(KL—> vy), are
Substituting the parametrization of asymptotic ground-compatible with the experiments[2,3], (Re+e—y)expt
state-meson matrix elementsidf,, Eqs.(14)—(16), and the =1.6x10"2, while their values of the ratioR, .+ ,-
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100 ——r———————————————— are about of the measured one since our results on the form
factor are less than the measurements at lower

In summary, we have investigated the Dalitz decays of
K, from an entirely new perspective in which the main term,

c_O_, of H,, does produce thgAl|= 3 rule for theasymp-
totic ground-state-meson matrix elementsHyf and conse-

quently the amplitudes for th& — 77 decays satisfy the

approximate|Al|= 3 rule. From the same perspective, the

K| -Kg mass difference and the rate for tie— yy decay in
60 T T which the K*-meson pole is included in contrast with the
i other theoretical analys¢4] have been calculated. Their ob-
served values have been reproduced simultaneously by two
sets of values of included parameters which imply that the
penguin contribution is important, although still not domi-
nant, in asymptotic ground-state-meson matrix elements of
H,, and that the helicityt1 matrix elements are larger than
the corresponding ones with the helicity zero. Therefore, in
nonleptonic weak interactions ¢ mesons, long distance
hadron physics is important although short distance physics
still survives in the asymptotic matrix elementstéf, taken
between ground-state-meson states. The same values of the
parameters provide two different results on the form factor
for the Dalitz decay. The experimental data from the
K.—ye"e™ [2,3] and from theK, — yu™ u~ [1] are still
0.0 0.2 0.4 0.6 0.8 Lo not compatible with each other in the lowgrregion al-
though they are consistent with each other within the large
errors at highex. The existing theoretical analysg4] in
FIG. 1. The square of the form factdx)? for K — yy* with which the K* meson pole contribution is canceled on the
x=k?mZ. The solid curves are the calculatef(x)? with photon mass shell favor the former data. However, our re-
Ap=0.72 GeV,(i) for r{’=0.31,r,=0, anda=3.42 and(ii) for  sults on the form factor are between two different data in the
r»=0.31,r,=0, anda=1.42, respectively. The data poirtthe  lower x region while they are consistent with the data within
solid circles, the diamonds, and the squam® taken from Refs. large errors at higher. Consequently, our results on the
[2,3,1], respectively. ratio, I'(K,— ye" e )/T'(K_— yvy), are~3 of the observed
one while one of our solutions reproduces well the observed

=I'(K —yu*u )IT(K —vy), are much larger than the value of I'(K —yu"u")/T(K —yy). To determine the
recent measurement[1], (R,+,-) e (5.66+0.59) form factor for the Dalitz decay df, , more measurements

X104, (For example, the prediction by K] is higher by and theoretical investigations will be needed.

about 3r than the observatiofiL].) However, our results on  The author thanks Dr. P. Singer for arguments against the
the form factor are between the data from the—ye"e~  K* pole contribution to thé&, — yy decay and sending his
and theK, —yu™ ™ in the 0.2<x<0.4 region and consis- papers on th&, — yy*). He also appreciates Dr. K. E. Ohl,
tent with the data at highex within the large errors. Our Dr. H. Rohrer, Dr. D. Coward, and Dr. T. Nakaya for sending
calculated value of the ratidR,, +,-,=5.5X 1074, in case their data values of the form factor for the Dalitz decays.
(i) reproduces well the measured one while the same ratio ifthis work was supported in part by the Grant-in-Aid for
case(i) (=6.7x10 %) may be a little too large. Our values, Scientific Research from the Ministry of Education, Science
R,ete-=5.1x10" 3 in case(i) and=4.9x 10 * in case(ii), ~ and Culture.
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