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We have studied p-cu interference in di-pion photoproduction in the energy range 5-7
GeV with a total of 630 000 pion pairs from hydrogen, carbon, and lead. The mass spec-
tra show clear interference in the vicinity of the &u mass. A branching ratio I'~ 2~/
I'~

~(&
——(1.22+0.80)%%uo and a relative phase to the p ~~ amplitude of 96'+15 is found,

where the errors include model-dependent uncertainties and are twice the size of the
statistical errors alone.

The decay (c - 2n does not conserve G parity.
The order of magnitude expected for the ~ -2&
decay amplitude as compared with the p'-27t de-
cay amplitude is the fine-structure constant n.
Such a result can be visualized as the one-photon-
exchange mechanism where ~ -y- p-2w with
corresponding partial width I'"((o 2v) =0.1
MeV' ', whereas all experiments' to date, though
not agreeing with each other, give results larger
by an order of magnitude. The large difference
between these values is the main motivation for
a careful investigation of the ~-p electromagnetic
mixing problems.

Previous experiments were done either with a
sp reaction with a large nonresonant background
or with a yC reaction where one is seriously
handicapped by the problem of the nuclear phys-
ics of carbon. In contrast to previous measure-
ments, ' we have studied p-~ interference using

three different targets: hydrogen, carbon, and
lead. The analysis of the &'& spectra from each
of these elements poses different advantages.
Hydrogen has no complication from nuclear phys-
ics but has considerable background. With lead,
background and incoherent contributions are
small whereas a detailed knowledge of nuclear
size is required. Carbon provides something of
a compromise. One of the main interests of this
experiment was to see if compatible v -2r am-
plitudes could be derived from measurements on
such very different nuclei. If so, it would indi-
cate that di-pion photoproduction from nuclei is
phenomenologically well understood and is thus
a reliable tool for studying p-~ mixing.

In this Letter we communicate a summary of
the results. Details of the experiment and of the
analysis are being published elsewhere. '

The data were taken with a 7.4-6eV brems-
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strahlung beam. The analyzed data cover ranges
of 600-900 MeV in di-pion xnass m, 5-7 GeV in
di-pion momentum p, and 0-0.01 GeV' in four-
xQomentuxQ trRQSfel t~. TIle xQR88 re8olution of
the spectxometer, crucial to the success of this
kind of experiment, was =8 MeV (full width at
half-maximum). The absolute mass calibration
and the calculated mass resolution have been
verified in a separate experiment using q -e+
+e decays. A total of 180000 r m events a&ere
obtained from hydrogen, 375 060 fxoxQ carbon,
and 75000 from lead.

The events fox each element were binned into
sn m, p, t ~ grid containing sixty 5-MeV bins in m,
five 400-MeV in p, and five 0.002-GeV' in t~.
The acceptance of eacIl MD was calculated using
a Monte Carlo technique. The fit of the theox'eti-
cal distribution Isee Eq. {1)below] to the data
eras made bin by bin. The measured mass spec-
tra ax'e illustrated in Fig. 1, For graphical rep-
resentation the data were collapsed in p and t~
using «observed p and t~ dependence. All three
mass spectra show deviations from a pure p
Shape 1n the. vlclnlty of the N xQass, 1ndicat1ng
the existence of p-~ interference for all three
elements.

To date there is no unambiguous theory which
px'ed1cts the & & spectrum 1n photoproduction.
"%I%It'e fitted the data vrith two phenomellological
fOX'XQ8:
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FIG. j.. Cross sections for hydrogen, carbon, and
lead. The solid curve is the simultaneous fit to the
data using 82(m). The other curves are (a) the same
fit with $ =0 (nc ~ contribution), (b) the interfer
with

e 8rence
w ncuresonant &m amplitude, (c}the nourescnaut vv
amplitude squared, and (d} other background.

turn p in the forward direction and t=t~~+t~. For
fc and fpb, optical-model calculations were used
as described previously, ' and &v(m) = m v —m'
—im„l„(m),

( ) ~ m„m'-4m, ') "'
'm m '-4

R,(m) and R,(m) are mass distributions' frequent-
ly QSed in tIle analy818 of p production with an
additional tex'xQ for (d production and decay to
The x elative magnitude -and phase of the u +r to
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TABLE 1. Hesults of fits by Eq. (1). Upper part, for individual elements, I'~=11.9 Mev;
lover part, for H, C, and Pb simultaneously.

Elemen t Fit daIat: !""''
X /DF

pb/(GeV) MeV NeV degrees

H2 R (m) 113+ 5

R (I) 1Q9 + 2

Rl(m) 126 + 2

768 + 1 140 + 2

781 + 2 150 + 3

783.8 + 1.9

735.3 + 1.1

788.8 + 1.7

.0140 + .0014 78 + 14

.0106 + .0007 90 + 10

.0121 + .0014 106 + 15

0.89

1.09

H2

Pb

R2 m 119+ 6

R2(m) 110 + 2

RZ (m) 128 + 3

764 + 3 136 + 5 784.8 + 1.9

769 + 2 141 + 3 785.7 + 1.2

778 + 2 154 + 4 787. 7 + 1.8

.0131 + .0013

.0105 + .0007

.0120 + .0013

85 + 16

92 + 10

96 + 14

0.90

1.09

Rl(m) 115 + 1 771 + 1 136 + 1 787.4 + 1.1 .0095 + .0005 109 + 10 1589/1379

R (m) 125 + 1 775 + 1 147 + 2 787.1 + 0.9 .oloo + .ooo5 loo + 8 1417/1376

the p —«amplitude are given by ( and n, re-
spectively. 8, uses the Ross-Stodolsky factor
(m~/m)' to obtain the observed p mass shift
whereas R, obtains the shift from i.nterference of

p production with a nonresonant rm background. '
To compare the measured cross sections with

Eq. (1), two different methods were used.
(I) To study systematic effects from different

nuclei, the- fit was appli. ed separately to each ele-
ment. The free parameters do/dt!, =,""",m p,
I'~, m, g, n, a, b, c, and E„wreedetermined
by the fit. The results, with statistical errors,
are presented in the upper part of Table I for fits
using 8, and R, for all three elements. Differenc-
es in $ and n for the two mass-distribution hy-
potheses could be regarded as systematic errors
caused by limitations of the present knowledge of
the p-«mass distribution. Variations in $ and

o. for the different elements give the size of sys-
tematic effects from nuclear physics.

As shown in Table I, all fits are acceptable ln
terms of X~ per degree of freedom and no selec-
tion between 8, and 8, i.s possible with this meth-
od. The values of $ and n obtained are consistent
within 2 standard deviations for all three ele-
ments, yielding for both distributions 8, and 8,
the same average values of

g = 0.0113~ 0.0006, o. = 91'~ 7'.

Fits were also made in which m was fixed at

TABLE II, Sensitivity of $ and e to deviations from
best-fit values.

cnanged parameter hu (deg)

aa
!

~«&. + ).o vbI«v 2

dt t~0 ™10 pb/GeV
2

+ 10 MeV

—10 HeV

+ 10 MeV

- 10 MeV

+ 2 MeV

2 MeV

+ 1.8 MeV

+ 50%

- 50%

+ .0005

+ .0008

+ .0005

+ .ooos

+ .0011

.0011

+ .0010

+ 7

15

+ 17

44

+ 27

+ 16

15

+ 7

+ 37

+ 60

+ 14

+ 31

+ 5

+ 4

5G(m, p)
+ 5O%

- 50%

+ 115

+ 113

785.7 MeV (an average value from the above fits).
A considerably smaller error in n was found.
For both 8, and A, we obtain @=91'+6'for hydro-
gen, 91 +4 for carbon, and 81 +6 for lead. The
value of $ was unchanged.

(II) Since the p and e parameters are not con-
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sistent in the above results, fits have been ap-
plied simultaneously to all three elements. In
these fits do/dt~I, 0""", mz, I'~, m, $, and a
were free but were the same for all three ele-
ments while the background parameters a, b, c,
and E„wereallowed to be different for the three
elements. The results are presented in the lower
part of Table I.

For this method, R, is seen to provide a better
fit than A,. This occurs mainly because of the
flexibility of the background parameters EH, F&,
and E pb which allow an A.-dependent mass shift.
In the fit using R, we obtain

$ = 0.0100+ 0.0007, n = 100'+ 7'.
To test the sensitivity of }(', (, and o. in this

result to changes in the parameters larger than
the quoted statistical errors, we have fixed sev-
eral of the parameters away from their best val-
ues. The results are shown in Table II. All oth-
er parameters were allowed to vary. From this,
one can calculate the best fit for a changed input
parameter. The relative deviations observed are
of the same size as found in method I. Note also
that X' increases little for a decreased normaliza-
tion of 115 }tb/GeV'.

Since method I ensures the best treatment of
the individual elements but does not yield uniform
values for the p and ~ parameters, whereas
method II has the same p and co parameters but
does not indicate A.-dependent model uncertain-
ties, we consider these methods complementary
and quote the average as our best result:

( = 0.0106+0.0012, u= 96'+ 15'.

The errors shown include estimates of systemat-
ic errors due to model-dependent uncertainties.

Within the framework of p-~ mass-mixing theo-
ry' one can visualize the physical p and cv states
as mixtures of pure isospin states of I p,), I ~,)
and write I p) =

I p,) —s I cu,), &u) = s I p,) + I e,). The
quantities n and $ determined in this experiment
can be related to the branching ratio 8 for ~ -2m
and to the off-diagonal element 5= —(p, IM lcu, ) of
the mass matrix. To first order we have"

~y A(&u(u)
'

I 5 I 2m

y A(pp), [(mz'-m 2)'+(m&I'& —m I" ) j'~2

,
I" m„&"'~y A((uu))
I'pm' ) y A(pp) '

m 0I'o —m
o. =are tan, , ~+y +yz,.

PPl
p m~

A(y )
&P =»g

A( „)

the relative phase of cv and p production;
f

v =»g(@;
where we have used the vector-dominance-model
relation A(yV) =(uv)"'/yVA(VV), where A(VV) is
the scattering amplitude of a vector meson V
from a nucleon. Using these formulas and the
values )=0.0106a0.0012, u =96'+15', m& =770,
I'&-—140, m~=783. 9, I' =11.9 MeV, and' y„/y&
=9.4, we obtain

R =(1.22+ 0.30) /g,

I 5 I= 2.09+0.25 MeV,

I'„,„=0.145 + 0.035 MeV,

y ~ + y p
———6' + 15'.

The errors quoted above are due only to errors
in ] and o.. The error from y '/y~'=9. 4",", is
not included.

Theoretically, 6 is predicted to be mainly real
with a magnitude of the order of the mass differ-
ence of the vector mesons. Glashow, ' for ex-
ample, concludes that 6 = —2.7 MeV, and several
authors' estimate that I pq I

~ 30'.
If we assume that I y~ I is small as indicated by

our measurement' on y+Be-Be+e'+e, and as
predicted by the quark model, we see that the re-
sults of this experiment fall within the present
theoretical estimates.
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Massjve-Lepton Pair Production: Kinematics or Dynamics'.
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A theoretical model for the hadrons as extended objects is disco. ssed. The size and
shape of hadrons are taken into account by means of an algebraic harmonic-oscillator
formalism. This model can explain, with essentially the same parameters, (a) the mag-
netic form factox' of the proton, (b) deep-inelastic electroproduction, and (c) LL('p pair
pxoduction at high energy. The model is also consistent with the known experimental
data on the spacelike and timelike pion form factor.

The excited states of the extended hadrons will
be described in an algebraic language. In partic-
ular we will use unitary representations of the
noncompact group U(3, 1). As has been shown
elsewhere, ' the one-rowed representations of
such a group contain the same multiplicity of lev-
els as the harmonic oscillator, and the eigenval-
ues of the invariant operator, which label the
representation, may be related to the rms radius
of the system and therefore to the "size."

In order to take into account the quantization
modes of the "hadronic cavity" one needs an infi-
nite denumerable set of hax monic oscillators.
The whole set of these oscillators is included in
a, single representation of the noncompact group
U(4, 1), each oscillator then corresponding to a
representation of U(3, 1) which is a subgroup of
U(4, 1); therefore, classifying the states by the
chain of subgroups U(4, 1)DU(3, 1)DU(3) is equiv-
alent to picking up an individua, l level from a par--

ticular oscillator of the set. The states in motion
with four-velocity v„=P„/m,where P„is the ener-
gy-momentum four-vector. and m is the mass of
the particle, will be labeled by the wave function~

g(K, d, ia, b, cj;v).

In order to have unitary representations of U(4, 1),
N must be real and nonpositive. For each value
of d we have an irreducible unitary representation
of U(3, 1) labeled by the nonpositive number N-d.
The mass spectrum of the Veneziano-Hagedorn
type will then be given by the mass formula

with b,„-hd and 4 =1 GeV'.
The form factor for the transition (through a

scalar interaction) from the ground state of one
of these oscillators moving with four-momentum
P„to any state of this, ox any other, oscillator
moving with four-momentum I'&' is then given by

where the g's are the polaxization four-vectors labeling the spin states,
It follows from Ref. I that the imaginary part of the amplitude for the Compton-like scattering of


