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The zo-p mixing angle of SU(3) is usually assumed to be positive, but only its magnitude is actually
determined by various models of SU(3) breaking. The effect of this ambiguity of the relative sign of the
SU(3) prediction of the p-p and y-~ coupling constants on p-co interference is investigated. The interference
can be "constructive" or "destructive. " In photoproduction of lepton pairs, destructive interference
causes the effect of p-M interference to be smaller than that of previous calculations. Two new models of
p-co interference in the colliding-beam reaction e++e ~ m.++m are discussed. A measurement of the cross
section for the latter reaction would make possible a determination of the sign of the ~-@ mixing angle.

I. INTRODUCTION

'HE eightfold way, ' vector-meson dominance'
(VMD), and various models of SU(3) breaking'

give predictions for the relative coupling strengths of
the photon to the p, co, and zt mesons. The theories,
unfortunately, do not predict the relative sage of the
y-p and y-co coupling constants. For example, the
dwell-Mann —Okubo mass formula, 4 when applied to the
squares of the p, co, and zt masses, predicts an zo-zt mix-
ing angle of sin8=+1/V3. This gives us the famous
9:1:2 ratios for the squares of the coupling constants of
the photon to the p, co, and P mesons, but makes no
definite prediction for the signs of the coupling constants
themselves. The VMD theory of I.KZ' contains two
mixing angles, 8v and 8sr. Various models of SU(3)
breaking have been postulated to give predictions for
these angles but they do not predict the si ge of 0&. It is
usually assnmed to be positive.

In this paper, we investigate the consequences of this
sign ambiguity on p-co interference in the photoproduc-
tion of lepton pairs and in e+e colliding-beam experi-
ments. The relative sign of the y-p and y-u coupling
constants enters directly in the amplitudes for e+e

~ p —+ ~+~ and e+e —& co—&x+m . The interference be-
tween the p and co depends strongly on this sign. In the
photoproduction of lepton pairs, the process can pro-
ceed through the "Compton graphs, "i.e., first a vector
meson is photoproduced and subsequently decays into
a lepton pair. At symmetry in the lepton angles and
energies, the "Compton graphs" do not interfere with
the pure quantum-electrodynamic Bethe-Heitler pro-
cess in lowest order. The relative phase of the y+A~ p+A and y+A —+ co+A amplitudes, where A is the
nuclear target, can also depend on the relative sign of
the y-p and y-co coupling constants. Previous calcu-

* Supported in part by the National Science Foundation.
' See M. Gell-Mann and Y. Ne'eman, The Eightfold 8'ay (W. A.

Benjamin, Inc. , New York, 1964).
2 J. J. Sakurai, Ann. Phys. (N. Y.) 11, 1 (1960);N. Kroll, T. D.

Lee, and B.Zumino, Phys. Rev. 15?, 1376 (1967).The latter paper
is hereafter referred to as KLZ.' A recent tabulation of theoretical and experimental results and
references is given by J. E. Augustin et al. , Phys. Letters 28B,
503 (1969).

4 M. Gell-Mann, Phys. Rev. 125, 1067 (1962); S. Okubo, Progr.
Theoret. Phys. (Kyoto} 27, 949 (1962).
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lations' of p-~ interference in this process have assumed
that the relative phase was near zero.

In Sec. II, the effect of the interference of the p ~ 2m

channel with the co —+ 2m channel in an e+e colliding-
beam experiment is considered and, in Sec. III, p-~
interference in photoproduction of lepton pairs is
discussed.

II. COLLIDING-BEAM EXPERIMENTS

Colliding-beam experiments where the reaction e+e

~sr++sr is measured can be affected by p-co inter-
ference. The interference in this case is due to the small,
but nonzero, amplitude for the co meson to decay into
two pions. There are several models one can use to cal-
culate this effect. Fortunately the predictions of the
different models are quite different and, if data were
taken with total center-of-mass energy near m„c', it
would be easy to distinguish which model was more
nearly correct. The photon (p)—vector-meson (V)
coupling constant will be taken as

gv~ = —emv'/2yv (1)

The magnitude of the coupling constant pv in Eq. (1)
can be determined from the leptonic decay widths for
the vector mesons. Neglecting terms of the order of
(mt/mv)e, these are given by'

F(p —+ t+l ) = ,', n'(yo'/—4zr) 'mo, (2a)

F(co —+ l+l ) =~', n'(yv'/4zr) 'sin'8v m„
=—,', n'(p '/4zr) 'm„,

1"(P —+ 1+1—)=—,', n'(yv'/4zr) ' cos'8v m@

=An'(~a'/4~) 'me. (2c)

The coupling constant of the octet central member gs
to the hypercharge current is &v, the co-g mixing angle
is Oy, and n is the fine structure constant.

The recent Orsay results' for the partial widths of the
vector mesons are

(2b)

1"(p ~ e+e ) =7.36&0.70 keV,

1'(zo —+ e+e—
) =0.94&0.18 keV,

I'(zt —+ e+e—
) = 1.64a0.24 keV.

~ R. G. Parsons and R. Weinstein, Phys. Rev. Letters 20, 1314
(1968); M. Davier, Phys. Letters 27$, 27 (1968).
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From these data, one finds

'.7p '=9: (1.28+0.25): (1.72&0 27) (3)

The unbroken SU(3) predictions using sin'0= s are

p
—2 ~ p

—2 ~ p
—2 —9 ~ ] ~ 2

Thus the values in Eq. (3) are not in disagreement with
unbroken SU(3). The predictions of other theories may
be found in Ref. 3.

In the discussion below, we use the following values
for the photon —vector-meson coupling constants ob-
tained from the Orsay experiments:

'.7s '=3:+1.13:1.31. (4)

0.9

0.7

2
D(m)

I 0 '7o

The relative sign of y„ in Eq. (4) is to be determined

by experiment. Two models for the reaction e++e
—+ zr++zr will be discussed below.

The first model is similar to one propsoed by Green-
berg. ' In this model, it is assumed that the co —+ 2~ decay
may be represented by the diagram in Fig. 1(a). In
other words, there is some coupling, ~ perhaps electro-
magnetic, between the co and p that allows an isospin
(G-parity) change. Phenomenologically, the coupling
constant m„p2 can be adjusted to 6t the observed partial
width I'(oz —+ 2zr). The presence of the p propagator acts
as a p-dominance form factor for the ~mw vertex. %hen
the amplitudes corresponding to Figs. 1(a) and (1c)
are added and then squared, the differential cross section
is given by

da cz'P '(1—cos'0)
IF(E) I',

dQ

0S - —----- e & 0
Y

I z I I I I

760 780 800I, (MeV)

pro. 2. Graph of the function
~
F(zzz) )' /see Eq. (5)g. The mode

used is that of Figs. 1(a) and 1(c). The masses and widths are
es, =765 MeV, m„=783.4 MeV, F, „=125 MeV, and I'„=12.6
MeV. The percentages given correspond to I'„, /f'„z„.

760

where P is the velocity of the pions and E is the initial
electron energy. The pion-electromagnetic form factor
F(E) will be dominated by the p resonance for E=—',zzz, .
The magnitude of IF(E) I' at E= ', zzz, depends —on the
model one uses to calculate F (E), e.g. , how one includes
the correct analytic behavior of the form factor. Since
our main interest in this paper is in deviations from the
pure p-dominance model Lsee Fig. 1(c))near the p mass,
we arbitrarily normalize IF(E) I' to unity at E= ', m, -
in the absence of any contribution of the co meson. We
denote this "normalized" form factor by F(zzz) where
m=28.

The form factor squared
I
$(zzz)

I

' resulting from add-
ing the amplitudes corresponding to Figs. 1(a) and 1(c)
is given by

(b)

.~ sr+
77' r

I s(~) I'=

where

zzz pi'
p (zzz, )

zzz' —zzz '+izzz, l', (zzz)

2 —1~(0 Vco
2

82+7 P

(3)
zzzp' 7 p

' zzz' —m '+im I'„

.~ ~+
7f r

m, zzz' —4m. 'y'~'
I', (zzz) =——

m m, —4m. ') (6)

D. F. Greenberg, Nuovo Cimento 38, 1908 {1965).
7 L. E. Picasso et at. , Nuovo Cimento 37, 187 (1965).

e
A plot of

I
S(zzz) I' for various values of I'„(I' s, i.e. ,

for various values of m p', is shown in I'ig. 2. Curves for
~ ~ 1

pro. t. peynman diagrams: (a) for e++e —z zr++.zr via the both positrve and negative ratros of y„'/p„' are shown.
~ —+ 27'- channel; (b) for e++e —+ ~+7i- via the co ~ 27'- channel; In Ref. 6 a positive ratio was assumed. The results for
(c) for e++e —+ 7I.++7I- via the p —+ 27'- channel. the different relative signs of the photon —vector-meson

coupling constants are significantly different.
The second model consists of adding the amplitudes
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corresponding to Figs. 1(b) and 1(c). This corresponds
to a constant cv7t-x form factor. The form factor squared

~
&(m) ~' resulting from this model is given by

I.4-

t.o .-

0.6-

0.2-

eY & 0

----- e & 0
Y
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FIG. 3. Graphs of the function ~'(nz) ~'/see Eq. (7)].The mope&
used is that of Figs. 1(b) and 1(c). The masses and widths are
rn, =765 MeV, m„=783.4 MeV, I", =125 MeV, and 1„=12.6
Mev. The percentages given correspond to P„ /F„,„.

8 A. Donnachie, Phys. Letters 27$, 525 {1968}.

(~(m) ( ™,r, (m, )
m' —m, '+sm, r, (m)

7(o g(on n. 1
+ . . . , . , (7)

mp'yp 'gp m' m—„'+im„l'„

where g„ is adjusted to 6t the observed partial width
P„-.A plot of

~
5(m)

~

s calculated using this model for
various values of P ./I' s is shown in Fig. 3. Curves
for both positive and negative ratios of y„'/y~ ' are
shown. This model appears similar to that of Donnachie8
and gives similar results for p '/p, ' positive.

The results of the two models discussed above for
'/p, ' negative and the models of Greenberg' and

Donnachie are all quite different. Each model has a
unique signature. The model of Greenberg predicts a
decrease in the cross section due to p-co interference for
nz just below m„and an increase just above m„. The
model of Donnachie predicts an increase on both sides
of m„. For y„'/y, '(0, the results of Eq. (5) show an
increase below and a decrease above m„, while the re-
sults of Eq. (7) show a decrease on both sides of m .
Thus an accurate experiment would enable one to deter-
mine the sign of Hr and, thus, the sign ofy '/y, '. In
addition, the measurement of the cross section for
e++e —& ~++~ near the cu mass enables one to make
an accurate measurement of the partial width I'„

III. PHOT OPRODUCTION OF LEPTON PAIRS

The highest resolution data to date on leptonic de-

cays of photoproduced vector mesons were obtained by
Asbury et al. ' at DESK using a carbon target and a
photon energy of =2.8 GeV. In the rapporteur's sum-

mary given by Ting at Vienna in 1968, the following
statement was made: "The experiment was done at a
low photon energy of 2.7 GeV on a carbon (T=O) tar-

get, such that the co ~ e+e contamination is small. At
low energy, the bubble-chamber data show that photo-
production of cv on protons is consistent with OPE. No
co contamination was observed and the measured

p ~ e+e width is 120~20 MeV/c' '"s The experimental
mass resolution was ~15 MeV/c'.

While the hydrogen bubble-chamber data" for
photoproduction are consistent with one-pion exchange
(OPE) at low energies, the data are also consistent with
a constant total cross section (due to di6raction) of ap-
proximately 1.7 pb plus an OPE contribution that varies
as E~ ' '. The diffraction and OPE contribution are
equal at L~'~=4.5 GeV. Above 2 GeV the hydrogen
bubble-chamber data" on the p photoproduction cross
section are fairly constant with energy. This is consis-
tent with pure diffraction production with a total cross
section of 16.5 p,b. The ratio of the diffraction cross sec-
tions is in good agreement with the SU(3) prediction of
=9:1. Thus, if one eliminates the OPE mechanism for
photoproduction by using a 7=0 target, the amplitude

(Avv) for diffraction is still nonzero, i.e., ~A.»~/~A7„~
=3/1. It would, of course, be possible to excite the car-

bon nucleus to its lowest T=1 excited state at 15.1
MeV by OPE. This is an incoherent process and would

not interfere with the diffraction production mentioned

above.
In the experiment of Ref. 9, the momentum of the

photoproduced vector meson was 2.8 GeV/c. The pho-

ton energy required to produce this vector meson was

therefore slightly in excess of 2.8 GeV. In the following

we assume that the ratio of diffraction-photoproduction
cross sections for p and ~ is approximately 9:1 at this

photon energy.
In Ref. 5 it was assumed that the relative phase of

the amplitude y —& p —&e+e and y~(o~e+e — (as
measured at the center of each meson resonance) was

near zero. In this paper we wish to discuss the effects

of this phase difference near 180', i.e., destructive inter-

ference. A possible mechanism for this 180'phase differ-

ence is a modification of the vector-dominance model

(VDM). One may assume that the interaction takes

place as in Fig. 4. This modidcation of the VDM is made

since the present experimental values" of y, '/4~ appear
to depend on whether the process y+-+p takes place

~ J. Q. Asbury et at. , Phys. Rev. Letters 19, 869 {1967).I S. C. C. Ting, in IroceeChngs of the Fourteenth International
Conference on High-Energy Physics, Uiennu 196h', edited by J.
Prentki and J. Steinberger {CERN, Geneva, 1968}',p. 49."Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collab-

oration, Phys. Rev. 175, 1669 {1968}.
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Fio. 4. Revised vector-dominance model for photoproduction of
a vector meson and its subsequent decay into a lepton pair.

The function V(m) has a sharp dip for m=m„due to
the destructive interference between the p and ar. This
dip would not be resolvable in an experiment with a reso-
lution comparable to that of Ref. 9, i.e., =&15 MeV/e'.
In order to illustrate more clearly the yield of such an
experiment, we define a new function in which we have
folded the yield function V(m) with a Gaussian resolu-
tion curve with 0.=15 MeV. Thus the experimentally
observed yield should closely resemble

on the photon mass shell or on the p- meson mass shell.
By restricting the use of the process p —z p to (or near)
the p-meson mass shell, this uncertainty is eliminated.
We calculate the p-co interference by adding two dia-
grams of this type: one with V =p, and the other with
V=cu. The photon —vector-meson coupling constant ap-
pears linearly in the amplitudes. If we assume that the
ratio of the vector-meson photoproduction amplitudes
for p and oz mesons is A~ /A»=+ —„and that y„'/y, '
is negative and given by Eq. (4), we obtain destructive
p-co interference. Of course, there are other possible
mechanisms for the phase difference. It is possible that
p„'/y, ') 0 and A~ / A~, =-ers" with f} near 180'. It
should be noted that small variations of the phase angle
0 of =30' cause small changes in the results below.

Using the model shown in Fig. 4, we 6nd that the
excess yield of symmetric lepton-pair events over the
pure quantum-electrodynamic prediction is propor-
tional to

I'(m) =m, 'I', (m, )'
m' mp'+—im pl'

p (m)

A~„m„2 y„' 1 2m 2
P——
, , (8)

A„mp'yp 'm' —m '+im I'„m'
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FIG. 5. Graph of the function 'JJ{zzz) Lsee Eqs. {8)and (9)j.The
ratio y„'/7, ' is assumed to be negative. The masses and widths
are taken asap 765 MeV m 7834 MeV, 1, =125 MeV, and
F„=12.6 MeV. The histogram shows the function binned in 20-
MeV intervals. The data of Ref. 9 are shown with dashed lines
superimposed upon the function 'JJ(zzz).

900

where m is the invariant mass of the lepton pair, m'
= (P++P )', A~ /A»=st, y„'/y, '= —1.13/3. The
function I'„(m) is given in Eq. (6). The over-all factor
m, '/m' in Eq. (8) takes into account the m dependence
of the phase space. The function I'(m) has been arbi-
trarily normalized to unity at m =m, when the co con-
tribution is absent.
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Fro. 6. Graph of the function 'JJ(zzz) t see Eqs. (8) and (9)].The
ratio y '/y, ' is assumed to be positive. The masses and widths
are taken as»z, =765 MeV, mz = 783.4 MeV, I', = 125 MeV, and
F„=12.6 MeV. The histogram shows the function binned in 20-
MeV intervals. The data of Ref. 9 are shown with dashed lines
superimposed upon the function 'g(m).

shown in Fig. 6. The data of Ref. 9 are shown superim-
posed on Figs. 5 and 6.

Clearly, the VDM calculation agrees less well with
the data than the model of Fig. 4. The photon —vector-
meson coupling constant appears in the photoproduc-
tion amplitude in the above model only linearly (not
squared as in the VDM). Since we have assumed that
y„'/y, ' is negative, the oz interferes "destructively, "
not "constructively" as in the VDM. This changes the
effect of the ~ from a large increase in the expected yield
to a small decrease.
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'jj (m) = — dni'e &
—'&'"—"Y(m') .

o (2zr)'"

This function has been plotted in Fig. 5. Note that the
dip near m=m„has almost completely disappeared in
the "folding" process. The analogous curve for 'JJ(m)
calculated with the VDM, i.e., A ~„/A» y„'/y~ ', is——


