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ABSTRACT

An unprejudiced analysis is made ol the possibility of
different  theoretical  descriptions of  the  decays
D—pa—a'a a’, ~a"y taking into account both the
M —ao mixing and the direct decays b—pa, h—ay.
For this purpose the data from the Neutral Detector
on the reactions e'e —a'a a% a'y. KWK, in the
interval \s=700-+ 1050 McV are used. Experimental
data are shown not to permit one to answer the ques-
tion what is the origin ol the decay ib—pa (a"yy. This
decay can be completely caused both by the h—w
mixing and by the direct decay th-spa (Wb—a"yi.
Intermediate cases are certainly possibie. 1t is shown
that 1o clucidate the situation at least an order of
magnitude improvement of accuracy is regnired,
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tOINTR COUCTION

The problem ol M-w e, being a classical one in the
spectroscopy ol light quark~. during last 25 years was studied both
theoretically and in experiment. There exists a well established view
which always give meaningiul answers when applied to the analysis
ol the experimental data. Bricrfy. the matters are as follows: ®M-me-
son is almost purce quarhonimm ss while w-meson is almost pure
quarkonium (uu+dd)/\2. A\ small magnitude oi the M —w mixing
parameter is well determned in a simple quark model, a so-called
mass mixing model. Qualitatively, the smaliness of this paramecter
is explaned in QCD by the absence ol large nonperturbative efiects
in the vector channcl. ln this scheme the decays M—pn and d—n'y,
i. ¢. those which demand the OZI suppressed intermediate ss quark
pair annihilation to proceed are explained by the admixture of
w-meson in the ®-meson wave junction. The direct decays h—pa
and d—a"y were usually neglected since they are believed to cor-
respond o more complex nonplanar quark diagrams and in the
iramework of 1/N expansion are expected to be suppressed. How-
cver, this argument is only qualitative one and demands a special
verification.

In the present paper we present the study of the possibility of
different theoretical descriptions of the decays ®d—pa—ntn~n"
—n'y taking into account both the —w mixing and th~ direct
decays ®—pa and d—a"y. For this purpose the data are used on
the reactions e¢Te —ata a" [I—4], ete —a'y [4, 5] and
eter -K(K, (4. 6. 7] in the energy interval ys=700-= 1050 MeV.
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In Section 2 we give the expressions for the amplitude of the
reactions e’e —x'x a’ a'y, KK, in all orders in dh— o mixing
allowing for the ata a’ ay, K K and vy intermediate states.

In Section 3 the results are given oi the analvsis of experimental
data on e'e —»a'a a' ete —a'y and e'e KK, and the dis-
cussion from point of view ol existing pictures of 4 —ao mixing is
presented. It is shown that the data [1 —=7] do not permit one to
answer the question what is the mechanism ol the decays th—pa
and 1"y, These decavs can almost completely be caused by both
(O — w mixing and by the direct decays d-—+pa and M-y alone.

In Section 4, as a conclusion, we discuss the merits of different
approaches to the experimental study of h—w mixing.

2. FUNDAMENTAL PHENOMENOLOGY OF - « MIXING

In principle, there cxist ditferent wavs (o take the mixing oi
resonances into account. We shall adopt here the tietd theory
inspired approach [8] which is based on summation in all orders oi
the loop corrections to bare, i. e. not distorted by the mixing, propa-
gators ol p-, w- and A-meson. The convenience of this approach in
comparison with equivalent N/D method [9] consists in its transpa-
reney from point of view of physics, an casy generalization to any
number of resonances and any number ol their common decay chan-
nels. The formulac obtained are unitary [8]. The adoptled approach
is most suitable when applied to weakly mixed resonances which we
deal with choosing

p V=it —dd) /2
0" = (uil + dd) 2 | (1)

(l' h — \\T

Hereaiter all the quantities with subscript (0) reler to the states
(1). Let us write the general production amplitude in the ete
annihilation allowing for the mixing of resonances

M(‘,{e __)p(())‘ u)lU)’ (l)(()'""f)= Z M(e*'e =W (G ')”M(V,—’,) i (2)

Vi
where f=n*n"n" a'yp, KK, etc, the summation in (2) goes over
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Vol =p". w" " drom (1); M(ete —=V) (M(V—[)) is the

amplitude of the transition ¢fe —V (V—f). G,,. is the matrix of
HIVerse propagators

| R |
G == ( -, nroo—, ) . (3)
— Dy

! 0

DM =m" —s—ivys i)

where 1" denotes the full width of V-meson which is not distorted
by mixing. All essential decay modes having the branching ratios
greater then 19 are taken into account in I'\", see below ior more
detail.

The polarization operator oi the (h—aw transition looks as
ToHlows:

Hop=Re N p+ilm, . (4)
where
Imlog=s"" { G i Wis) /47 +

+1 g...:'l\' " A .L.’l'l("h A Y f: A+ gn(nll\"'l\' ' g'l("ll\' K Y I: k) /ﬁﬂ.\' + (5)
1 ] W
+ —.}_ H. :x, g ‘l"l'l] q a'y + g u:l:\' 1l'|n qnn }

im 1l is dotcrmined by the real intermediate states w'—>pa—d"
(if any), o ">KR—=D" ">y (il any), o "—>ny—>D"". In
order to avoid the u)nlu.\mn let us note that though in the case of
complex coupling constants cach term in (5) has an imaginary part,
in sum these are cancelled. This can be varified by cutting the diag-
rams for l_,, over all possible two-particle intermediate states and
summing the corresponding contributions. Thus, when doing  the
phenomenological analysis one cannot arbitrary introduce the pha-
ses into the vector meson couplings to various channels.

In (3) —(5) s is the total e*e  energy squared in the c.m.s. ol
¢"e . qi(f=nn. KK, n"y and ny) is the momentum of the final par-
ticle in the same system, W(s) is the phase space factor for decay
w,h—p*a +p = At 4 p'n allowing for the finite p meson width,
see (17) — (19) for W(s).

The real part Rell ,, in th¢ resonance region is considered to be
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the function only slightly depending on s which f{act to some degree
is supported by experiment, see Sect. 3.
The coupling constants gy’ and g, which are set usually to
")

zero correspond to direct decays ®'"—pn—3n, ®">n'y

The p—w and p— @ mixing are unessential in our case and hence
will not be taken into account when analyzing the data {1 —7], i. e.
1H,,=0 1 ,=0in (3), see, however the end of the paper.

pm

To reduce the number of frec parameters we use the simple
quark model predictions for the decay channels p"—KK and
»"—KK since they lie under the KK-threshold as well as for the
decays p"'—ny, o'”—>ny. The necessary relations are

e e &l _ e _ L )
Gk Bk Sk & Cin- x \/2
{0y [N
g _ 1 g 3 .
™ ] 0. 5 "
any V’2 E oy V2

When obtaining (7) we take the pseudoscalar octet mixing angle
0,=—18°.

Taking into account the above consideration let us write the
reaction amplitudes of our interest for ete~—n*n"n", n%y, KK,

4na W(s) ) _(0) O WO 10y
03:1(5) = $72 l g\’w gmpn D(lb +gv'l'gll’[m Dm +

(A%
0 0 |2
+ | 'mib (g ;’m glll(m+ gvmgmp:l) I ] (8)
@n)’e 5 lgngm o o Dy
07‘“\‘(5) = —397 q""Y(‘s) —HDT)-EH + gym gm:w _TI" +
S » .
[} 2
0y _( D.l.. it \0) th (0} ”.... )
+gyll)g(l)ﬁ_y N (£ 8inyt &y Lony —A—' v {9
8na 3 g Eokk: w @ DY
O ks, (S) = =75 Gk, l—“—(‘mﬂ + 8o Bokokr —= +
3s D, A
v U D.-:I‘ ”m- ) 0 W iy ) 2
+g;u[’)g((1);\"k' N ——‘\-L (g;’u:g‘l('lj\"li"+ g*,'il’lg:.:ll”li") . ( 10)

" Let us note for experts that the situation here is analogous to that in the pheno-
menology of CP violation. In the present case gd‘,"‘,.,/g"::,", is analogous to the parame-
ter ¢’. which appears in models of CP violation and which is caused by the direct
decay K,~n*n~. The ®—w mixing parameter ¢, see below, is analogous to the

parameter ¢ which describes the iransition K,—K —~an.
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ln (8) —(IO) o= 1/137‘ g_ ):_c,n(l(h /'m
=D D=1k,

Inverse propagators for the states (1) look like

I),,”Is) = m“”"—s—-i \/.s‘ ("Mp—sata L s) 4+ e KK, s) +

"}"I"”'(l)--bK+ K . )+|‘(“ y— 5t -\1 )_+_| (P’"]'\’vs)) .
DVisi=m" —s—iVs (M"(V=3n,5) + PV KK 5) +
+ 'nUY( V»K()Kl)’ -\‘) + !1(()]( ‘/——b‘}'[ 7. S) + I‘(())( V___, nv. b)) ‘

i O
V=o' &,

(1)

(12)

(13)

Let us write the expressions for the partial widths. The width of

V-meson decay into two pseudoscalar particles is

l ”l—PPP) S}*—‘L(;:Il‘ q?»p()C”),, S)X

x()(\/s ~—mp—m p_,) .

P\, Py=n*n" KTK™, K;K,, 8 is the step function.
The width ol the radlatlve decay

)y

A~ I 2 N
POV Py, s) = — g1l gy Crps)

P is the pseudoscalar particle.
The width of the n*n " n" decay is

hy |2

P (V3 5) = "*4‘; W(s) Cypals) ©

where W(s) is

L2

o o . L, gdSm,
Wis) = — S dm Fim) ' (p—>atn=, m? %ZJ_T—;)
2m., b
) ! 1/2 2
3 ) (m?) 5 Colim?)
F(m)=l+—Re{—J-—— dx(l—x)—m——;r-}.
2 C 5 (m?) S D" (m?3)

Here
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1/2
g s, m, m,) = [ZL (s —(m—m.)?%) (s —(m +m,1)2)] ) (19)
N

In (14) — (16), (18) we introduce, as usual, the form factors which
restrict a too fast growth with cnergy of the partial widths, from
the demand that s I'(s)—const in the limit of large s. Thesc look
like

FH(Rypp g pp i i"-l ?,2 ‘ (20)
V(R ypp, 4 p,p 5))7

(: Ve, (S) =

Cpals) = (%——) (21)

Rypp, and R, = are so-called range parameters. Allowing for the
vector dominance model one can set in (15)

Cpr(S):CV!,J(S) . (22)

The expressions (8) — (10) for appropriate cross sections look
somewhat unconventional. However, they can be rewritten in almost
convemenl way if one dlagonah?es the states. Let us do this for the
channel ete " —>nta~a” since only w- and ®-mesons contribute to
the cross section. Allowing for in (8) the terms of the first order in
® —w mixing in the coupling constants and the terms of the second
order in M—w mixing in the mass shifts of the resonances we
obtain from (8)

0. () o 422V (5) (g“.’:~+g{‘.’.',> (i~ i)y
JU - 3 79 .
S.&/z M lm S (Md‘:’ 1);

h

(2o €L ) (& et EL )
+ M,',) —s4et My =M (23)

Hereafter the parameter of ® — w mixing ¢ is
= — /MY = M) M =m s TP, 24)

From (23) we extract the coupling constantis of the physical
states, i. e. the states the wave function of which includes the ®—w

mixing:

~ 0
gvm —_— gvm Eg v
) (0) (0
gu)pn —_ gmpn Egll)pn = gwpn (25 )

]

gy gym‘f' ey »
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VoA Y
S T

e

Buiypn = L+ EL i (26)

[V}

Analogous considerations of the KK and Py (P=n", n) linal states

show that
~ cop O
ukhR = B uhk— EHDRK
ih )
Gurmy=gary— & wpys
~ 1 . tth
arn = Zakn+ tE kK
] PR ;
om=L8aoryt+tL.py (27)

Picking out the real and imaginary parts of ¢, the inverse propa-
gators in (23) can be written as

My s+ MY = M) = m W ReeAM MY
—s—i s 2L (D, 037, 8) + P oK K L 5) 4 P, 0K K, 5) +
+ U, w—ny, )+ U o—yp, $)) (28)

The upper (lower) sign in (28) refers to d(w)-meson. Up to
small corrections which quadratically depend on O —w mixing, the
partial widths in (28) must be calculated by the formulae
(14) — (16) but with the substitution g g, according to
(25) — (27). It is seen {rom (28) that there appears the correction
to the resonance mass which is of the second order in (b —w mixing

Smd . =ma —mi=+Re|e2(My — MM . (29)

where m,, ~are the masses of the physical states.

3. RESULTS AND DISCUSSION

The analysis of the present Section is based on the data on the
reactions ete —ntn n’ [l—4], ete —an"y [4,5] and
ete —KK, [4,6,7] in the energy range \s=700-=1050 MeV.
Though the statistics of experiment is relatively rich it is still poor
to determine all the parameters [\", i, [\, G Qe &Sk Gk
g, Gomn Rell o, ml', and my' with sufficient accuracy. Our main
goal here is to determine the parameters of ®—w mixing gg ., g,
and Rell .

To reduce a number of free parameters let us fix the coupling

constants of p”, @, ®" to KK channel via (6), through the width
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of the decay h—K K, which is determined by the resonance excita-
tion curve ete — KK, in the vicinity ol (b peak:

ﬁnnz.;‘,l'(ih—»l(sﬁ,, my) )"‘2 1 . (30
4 gk, 1) —e/y2 |

et =

In the same manner we use (7) for the ny channel in srder to
N

exXpress g m, &, and g‘::\ through the partial nyy width of the physi-
cal (D-meson

an 31—y, m ‘f,) ) t:2 !
i 'l"nl - ( q n:, nnf;‘ tH + F/ \ 2 ’ (31 )

P—~KK,, m;) and F(d—->yy, m?) are taken from [10].

The real part of the polarization operator Il , is considered to
be the constant independent of energy, Rell ,= Am(,,. This assump-
tion was tested using the parametrization Re il _,=A ,+ B,,s. As a
result the values A ,= —0.02 GeV® and B _,=(0x11)-10"" was
obtained, which does not contradict B ,=0.

The results of analysis ol the different theoretical possibilities to
describe the data [1—7] are presented in Table I. The coupling
constants cited there are obtained when the range parameters R, see
(14) — (16), (20), (21), were setl 1o zero. This is definitely justilied
in the resonance region of p-, w-, (-mesons; nonzero values of the
range parameters will only imply a slight numerical modification of
the coupling constants without change of any qualitative conclu-
sions.

Our natural intention is to follow the predictions of a simple
quark model for the lepton couplings of the vector mesons (1)

(32)

The variants 1, 2 and 4 of the Table 1 refer to this case. The
parameter go=—A_,/(m'Y" —m™) for the variants | —3 turns out
to be £=0.06+0.06 in accord with the value calculated from the
simple quark model or, equivalently, the mass mixing model.

An accuracy of the present data does not exclude a sizeable
coupling constant of the direct decay g,,,,1 at the level
Zina/ &= 0:014 which magnitude is about 30% of &y, see the vari-
ant | from the Table 1. At'least an order of magnitude increase of

experimental accuracy is required to answer the question if the
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Table |

The errors n this Table are only slatistical ones. The svstematical errors ol

determination of the resonance masses are estimated at the level 0.1 MeV. The

svstematical error in the coupling constant g':, g,l‘,:’m is cstimated at level 49, For

the variants | and 2 we adduce the values of y*/n,, separately for all variety of the

data on e’ e —3a (upper parl of the entry) and for the data in the vicinity ol O
peak (lower pe 1 the entry)

[ G E b A | m)0 | ma 7i/ny
AN I ' ' ‘
Pl GeV ! GeV ! GeVH MeV MeV G a
AL —0.022] 7827 | 1019.0 | 109/145
PEIOT 492 143401 | 02403 o D op——
. \;_) +0.022 + 0.8 +0.6 48/47
. — [ /2 —0.029] 7833 | 16185 | 121/145
2119.7 402 [4.3+0.1 0 ‘ e
—\2 +0.002] +0.1 + 0.1 58/50
, _ —i33xtn —0.027] 7832 {10186 X
31196402 [4.340.1 0 e /145
——l.:)—t[)Q —_H).()()o +04 +0.3
e PYAT , 782.1 | 1019.6 N
11690, (43401 {0.7820.02] 0 126/145
—\2 +0.1 | +0.1
R — 153206 , 782.0 | 1019.6 o
5116.940.1 1434011 1.140.2 0 106/145
— 1.1 301 +0.1 + 0.1

e+e»__>KSKI.

21 19.1+1.0 mIALY from 3 0 —0.023 1018.9 53/50
. . 0] — v
- i " +0.002 +0.1
A 0.84
4] 195408 from 3a 8 0 — | 10195 53 /50
T + 0.03 +0.1

direct decay coupling constant g at the level cited above does

exist in this variant of the [it, i. e.when (32) is used.
In the present paper we consider g to be purely real. Note,
that there exists the contribution to Im gf,,"m which arises due to the

chain of real intermediate processes ®—>KK, KK—pn via K
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0)

exchange. It makes up about 10% of gy +eg,,,. Since Imgg
enters quadratically to the decay width the statistics of the experi-
ments [l —7] does not permit one to determine this quantity by
means of introduction of the phase, i. e. gi) =lgg, | exp(¥). This
remark is irue as well for the coupling constants g"ﬁm, gq‘,’}(,K etc. the
imaginary parts of which arise due to corresponding intermediate
processes. Note that the variant 2 discribes the modern data rather
well.

The variant 3 is close to variant 2 but at this time ' and '
are fitted independently. With a good accuracy the f“/f{ turns out
fo be very near the quark model one, see variant 3.

It is seen from the Table 1 that m“” and m{ in the variant 1 —3
do not coincide with values m, and m,, from the Particle Data
Group (PDG) [10]. Corresponding shifts ém> and 8m) are ex-
plained with a good accuracy by the formula {29).

In the variant 4 and 5 the ® — o mixing is absent in old classic

sence, i. e. Rell ,=0. The quark model relation fu‘f”/f(‘l‘,”——-f\/?—is
fixed in the variant 4. When doing so a good description is obtain-
ed, see the Table 1. Ii the lepton coupling constants [ and [ are

fitted independently then their ratios turns out to be —I1.{1+0.1
which differs by 3 standard deviations from the quark mode! value
—2.

Only extreme variants corresponding to those 2 and 4 for the
channel ete”—ntn~n® were considered for the channel ete —
— K K,. The results are given in two lower lines of the Tabie 1. The
values of —w mixing parameters obtained in these Cases are in
accord with those obtdmed for the channel ete™ —>n*a~n’

For the channel ete™ —«)-.T[ Yy an additional parameter f“’ is fixed
according to (32) while gl and g are fixed by the VDM rela-
tions

0) 0 (0) 0) © 0
gom=Na g /I gim= o gou/f).

The results of fitting this channel coniirm the results obtained for
ete —>natn~n’ KK, However, the accuracy of determination of
the ® —w mixing parameters is considerably lower than in the main
cases so we do not give here the results.

The partial widths of the decays ®, m—ete™ are given by

4na

3 Py Igv(b+ gyu,)l

M @—ete™,s)=

12



) 4na .
e ,s)= 397 |g,‘,‘.f.'—rfg,',(.';’. 2 (33)

I'(w—e
Corresponding values for the decay widths w, ®—ete~ side by side
with the ®, w—>ntn~a" ones calculated with the data from the
Table 1 are given in the Table 2. Up to the experimental uncertain-
ties they coincide with the values from PDG [10]. It is interesting
o note that the !eptonic ratio R,., where

R, ., =l'(h—>ete .m,f,)/l‘(m—-»v"e ,mf) (34)

is in principle rather sensitive o the @ — @ mixing, since ¢ appears
with opposite sign in I'(®d—e*e”) and I'(e—e*e™). The quark
model without ® —w mixing, see (32), gives R,., =2.6. If one cal-
culates the magnitude of the ®—w mixing parameter ¢ (and,
hence, €) which is equal to tangens of the angle of deviation in the
vector nonet from ideal value 35.3° one obtains &,~0.05. Incerting
this to (33), (34) one obtains R,,, =1.8 (the error is negligible if
one postulates the quark model relations (32)).

Table 2
The errors quoted include both the slatistical and
systemalical ones from the Table 1
I 2 3 4 5
N ot
' ("L'e*\j ¢ )| 060£006 | 0.61-£0.04 | 062004 | 061004 | 0.61-£0.04

I'(—sete ),

keV 1.20+0.13 | 1.11£0.10 | 1.234£0.32 | 1.59+0.13 | 0.984.0.22

'd—sete )
—_— | 2.0040.29 1.824-0.15 1.98 +0.52 26402 1.614+0.34

'w—sete )

Blo—3n), % | 87.4%70 87.1+70 87.5+7.0 87.5+7.0 87.5+7.0

B(th->3xn), % 164-28 17.84 2.4 16.0+5.5 11.4+0.6 21.0+59

Up lo recent time the experimental value of R,.,, was 1.940.4
(PDG’82), 2:0+0.4 (PDG’84—86) and psychologically witnessed
for the sizeable ®—w mixing. However, the situation is changed,
and the value R,., calculated with the help of [10] s

R,., =2.3+0.1 mainly due to 15% reduction in the total o width.
The values of R,., from the present work, see the Table 2, show

13



that more then order of magnitude increase of accuracy is deman-
ded to select at leas! extreme varianis 2 and 4.

It seems a somewhat unexpected that the data [i—7] do not
contradict Rell ,=0, see variants 4, 5. Of course, it should be
remembered that there remains the mixing between w and @ due to
common decay channels, i.e. due to Imll , 50, see (5). Does the
absence of @ — w mixing in old classic sense (Re Il _,=0) contradict
o existing views? Apparently, no, since the two historically first
and most popular models of ®—w mixing —mass mixing and cur-
rent mixing models give approximately equal in magnitude and
opposite in sign values of Rell , » [l1]. Naturally, any interme-
diate models are conceivable (and do exist) which give negligible
values of Rell .

The theoretical curves for the cross sections of ete” —3n, a'y,
K K, corresponding to the variant 2 are shown in Figs 1 —3.

4. CONCLUSION

When summarizing the situation with the ®—w mixing it should
be stressed that the channel ete™—>a*an " n’ is most suitable for
obtaining the information about the ® —w mixing. The drawback of
the channel eTe~—na'y is a small value of its cross section.

The study of the leptonic ratio R,., should be used for drawing
conclusion on ®— w mixing only together with the information from
the n*n~n’ and n channels.

The fact is that the relations (32) are valid in the case when the
wave functlon o[ the bound ¢q state at the origin behaves like
[W(0,m,)|*com} depending on the vector meson mass m, which
implies [f"/f0'=—+/2. However, the data on the decays
J/¥W—>et e , Y(1S)—>eTe~ [10] correspond to the behavior
|¥(0,m,)|>com; which implies the leptonic ratio is equal to the
ratio of charges squared of corresponding quarks [14, 15})"". Ii
one extrapolates such a dependence from J/¥ and Y(IS) to w and
® one obtains without ® —w mixing R, , ~2 i. e. approximately
the same result as in the case of classic ® —w mixing and of the

") The ® —w mixing experiment [13] was considered to be in favour [12] of mass
mixing model. However, this conclusion is based on the assumption g(,,m—O and
hence is not necessary.

) From the point of view of the potential models such a behavior is implied by
the gg potential V(r)cor™" with v=0-+0.5 {15] at small distances.

14
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Fig. I. The total cross-section ol the reaction e*te~->n*n " a".
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standard behaviour |¥(0,m,)|?com). Note that the behaviour
[W(0,m,)*com? implies [V"/f"=—1.08 which coincides with
variant 5, see Table 1.

Let us note that the study of the decay ®—+n*n~ by interfe-
rence pattern in the reaction ete " —a‘ta~ in the vicinity of ® reso-
nance gives an additional interesting approach to the ® —w mixing
since the mixing parameters determine the ®—n*n~ decay amplitu-
de in essential way. See [16] for more detail.

So, we have analyzed the problem of different theoretical des-
criptions of the decays ®-—pa—3n, ®—n'y taking into account both
the ®—w mixing and the direct decays ®-—»pn, ®—n employing
the data on the reactions ete"—ata~a’ a%, KK, [1—7] in the
energy range 1/s=700— 1050 MeV. We have shown that at present
we have a rather poor knowledge of the ® —w mixing. The decays
®—pn—+3a, ®—-+ny can be explained both by the ® —« mixing and
by the direct decays ®—pn, ®—n'y alone. In our opinion, there
exist ir urgent necessity to fulfill new studies with a high statistics
and on a unique machine of all the variety of the reactions
ete"—=nta"a’ a%, KK, ny, ata~ in the energy range mentio-
ned above.
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