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wi11 therefore not appreciably spread the peak
in x.
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An experiment on photoproduction of muon pairs with invariant masses between 980
and 1770 MeV is reported. The measured invariant-mass spectrum is in good agree-
ment with theoretical quantum electrodynamics predictions plus a contribution from

p++p at invariant masses near 1020 MeU. A quantum electrodynamics cutoff A
—1.9 BeV (2 standard deviations) and a p —p++p branching ratio equal to (2.17+0.06)
x 10 are obtained. For masses above the y, limits which are approximately 100 times
smaller than the rho are placed on resonance production.

Various theoretical studies, based on the Ve-
neziano model, predict vector mesons with mass-
es between 1200 and 1700 MeV. ' Attempts to ob-
serve these mesons in photoproduction experi-
ments via their m'm decay modes have yielded
negative results. ' Such tests may fail, even
though the proposed meson exists, if ~'m decay
is suppressed. The decay of such vector mesons
into lepton pairs provides a method of observa-
tion which is insensitive to suppression of m+n

decay. In this way the p meson has been observed
in muon pair spectra. ' as has the y meson. '
Indeed the p, ~ relative phase was first obtained
in this way. " Observation of heavier vector
mesons, which have a product of photoproduction
cross section and branching ratio comparable
with the p or q, is easier due to the rapid de-
crease of the quantum electrodynamics (QED)
background with increasing pair mass [.see
Fig. 1(a)].
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Table I. Corrected data, YD, the theoretical @ED
contributions, Y@, Y+, Y, and the theoretical vec-
tor-meson contributions, Y& and Y&, vs p-pair mass.
Also given are B = YD/(Y@'+ Yo~ + Y@~) and DR, the
statistical error in R.
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FlG. 1. (a) Yields Y~ and Y@ divided by the energy-

angle acceptance of the apparatus versus p pair mass.
YD is the corrected experimental yield; Y is the sum
of calculated QED contributions. (b) Ratio 8 = YD/Y@
vs p pair mass. The solid line is a fit of the y to the
data. The dashed lines correspond to upper limits
placed by the data on rholike resonances. For details
see the text.
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The present experiment was done in a 6.0-8eV
bremsstrahlung beam of the Cambridge Electron
Accelerator. Muon pairs were photoproduced in
about 2 radiation length of carbon and detected
in two identical iron spectrometers placed sym-
metrically around the incident beam. The ap-
paratus was similar to one used in previous ex-
periments' and described elsewhere. ' The muon-
pair invariant-mass interval 930 to 1770 Me7
was chosen in order to: include the y as a known
resonance on which to calibrate our apparatus.
The mass resolution was approximately 10'
(full width at half-maximum).

The experimental yield of muon pairs was cor-
rected for dead-time losses, counter efficien-
cies, and chance background. Empty-target
background was &0.7% on the average; in no
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mass bin did it exceed 5/o. The corrected data
(denoted by Y~) are given as a function of muon-
pair invariant mass m in Table I. These data
were compared with a calculated theoretical
yield that included contributions from QED and
from photoproduction of the p and y. The sepa-
rate theoretical contributions, which are listed
in Table I, are discussed below.

The QED yield consisted of several parts: An
elastic QED yield Y' was calculated for a spin-
zero target as in our earlier work. 3 An elastic
form factor for carbon obtained from electron-
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scattering data was included.
Part of the kinematic region covered in this

experiment corresponded to nuclear four-mo-
mentum transfers t=-q' larger than 1 F
Electron-carbon scattering data show that inelas-
tic processes become important for t larger than
1 F .~ They indicate that the dominant inelas-
tic process is quasielastic scattering off single
nucleons in the carbon nucleus. The quasielastic
contribution V' was estimated by assuming corn-
pletely incoherent photoproduction off the twelve
nucleons of caxbon. Aside from R kinematic cor-
rection, the nucleons were treated as free parti-
cles which recoiled elastically. Muon-pair photo-
produetion yields were calculated for single
nucleons, ' including elastic nucleon form fac-
tors. The initial nucleons were given momentum
distributions and energies based on a shell-mod-
el representation of the carbon nucleus. " Nucle-
ons wele required to have sufficient energy in
the fina, l state to be unbound. The magnitude of
the quasielastie contribution was not sensitive to
details of the nuclear shell model for large val-
ues of t. Variation in the assumed nuclear bind-
ing energy by +50%, for example, affected the
sum Fo'+ Fo' by less than 5% at pair masses
above 1400 MeV and by less than 10% at masses
near 1000 MeV.

Nuclear enexgy transfers q up to 1.2 HeV

could occur, permitting inelastic processes such
Rs pion px'oductlon to contllbute to the carbon
form factor. It was assumed that N~(1238) pro-
duction dominates the pion production contribu-
tion fox our values of q . Data on pion electro-
produetion from carbon indicate that N* produc-
tion can be predicted by using experimental cross
sections for N~ px'oductlon from hydrogen. Thus
the QED muon pair yield associated with N* pro-
duction 7+"was estimated using approximate
form factors for hydrogen obtained from pion
electroproduetion data. " The N* contribution to
tile pR11 yield would amount to 8% of tile quRsl-
elastic contribution at t =0.04 BeV2 and 40 /o at
t =0.2 BeV' if the entire N* peak were kinemati-
cally accessible. This was not the ease in the
present expeximent. The kinematics of the p,

pair pxoduction process restricted q and reduced
the above percentages (Table I).

All yields given in Table I were generated by
Monte Carlo techniques and include the effects of
multiple Coulomb scattering and range strag-
gling. They also include a multiplicative factor
0.8 to account for losses due to conversion of
photons in the thick tax get.

Figure 1(a) shows the experimental data, FD,
divided by the acceptance of the detecting appara-
tus, as a function of the muon pair invariant
mass. Also shown is the sum of the calculated
QED contributions, Fo = Fo'+ F@'+ F& . The
graph demonstrates the rapid drop of the yield
with increasing ma, ss of the pair. In Fig. ] (b)
the ratio A of the corrected data to the sum of
the calculated QED yields is shown as a function
of pair mass. Figure 1(b) indicates that, except
in the region of the q, there is no evidence for a
contx ibution to the muon pair spectrum other
than the contribution of the QED processes. The
excess ln the legion of tI1e p, I 1020 MeV, wRS

fitted with a theoretical spectrum for q photopro-
duction from carbon with subsequent p p'+ p.

decay. Additiona. l theoretical rholike resonances
were fitted in order to interpret the data in terms
of upper limits on cross-section parameters. An
outline of these calculations follows.

The cross section for photoproduction of a
vectox meson V from carbon with subsequent
V- p. '+ p decay was assumed to be'

(~v+5I )', mvr'

( „Sr)2 (m2 —m„2)+m„2I"2 (2)

In the factor f(t) —= C,e "'+C,e "', the first term
represents coherent vector-meson photoproduc-
tion from the carbon nucleus; the second term
describea incoherent production from single nu-
cleons. C, + C, is the extrapolated value (do/dt), , '

for carbon. C, was set equal to 12 times the
value of (do/dt), o obtained for V production from
hydrogen. Free-proton kinematics were used in
calculating the incoherent contribution.

A theoretical q- p. '+ p, spectrum was calcu-
lated assuming m„=1018.6 MeV, I"=3.5 MeV,

b, =58 BeV ', b, =8 BeV ', C, +C, =0.343 mb
BeV ' '4 and C =0.0192 mb BeV 2." The result-
ing muon pRll yield a.s R functloI1 of Pl,, with the

dtdm'dQ* (m'-m„')'+ m„'I'=a (t)x

n~, ' 3
&&

" {1+cos'6*).
m 16m

nz and t were defined ea.rlier. * and 6* are
solid and polar angle {in the tr-pair rest frame)
of one of the decay muons with respect to the di-
rection of the incident photon. m„aM I' are
celltl'Rl mass Rnd width of tile vectol' Illesoll. (Ill
our analysis I' is approximated as being inde-
pendent of m. ) B is the branching ratio of V into
p, pairs. N normalizes the mass distribution of
Pe



VoLUME 25, NUMBER 18 PHYSrCAI, Rr. VrSVV I.STTZRS 2 NOVEMBER 1970

- p, '+ p, branching ratio. B as an adjustable
parameter, will be denoted by BY~(m). The sum
of the calculated QED contributions will be de-
noted by Yo(m). A small contribution, denoted
by Y~(m), resulting from p- p'+ p decays was
also calculated (see Table I). The expression
C[Y(m)+ Y~(m)+BY~(m)] was fitted to the data
with C and B as adjustable parameters. The
values C =1.02+ 0.03 and B =(2.17+0.45) x10
were obtained, where only 1 standard deviation
(1 s.d. ) statistical errors are included. (y'/deg
of freedom =25.9/26. ) The magnitude of C„ the
contribution of the incoherent p photoproduction
from carbon, is uncertain. Therefore, C, was
assigned an error of +50%. This produces an
uncertainty in B of +10%. Y~(m), the p -p'+ p
background near the y, was assigned an error of
+50%%uo due to uncertainty in the shape of the p
mass spectrum. B was found to vary +7% for
this uncertainty. Similarly, Y@ (m) was assigned
a +50% error, resulting in +15'%%uo variations in B.
These variations were taken to be the main
sources of systematic error in B. The statisti
cal and systematic errors in B were added in
quadrature. Thus, assuming C, + C, =0.343 mb
BeV ', the p- p'+ p branching ratio is B =(2.17
y 0.60) x10

%e may compare this result with other mea-
surements. An analysis of an earlier muon pair
photoproduction experiment resulted in B =(2.34
+1.01)x10 4' assuming C, =O; our correspond-
ing value for C, =0 is B =(2.60+ 0.68) x10 ', in
excellent agreement with this earlier value. Our
result B = (2.17+ 0.06) x 10 ' is 12% larger than
the results reported by a Cornell group for photo-
production of p - p, '+ p, from carbon. " The data
agree with the value B = (2.9+0.8) x10 ' obtained
for the p-e'+e branching ratio in electron
pair photoproduction. " However our value of B
is over 2 s.d. smaller than the e e' colliding-
beam value from Orsay, "B=(3.73+0.25) x10
and over 1 s.d. smaller than the value from
Novosibirsk, "B = (3.4+ 0.4) x 10

With the q& and QED as landmarks we next pro-
ceed to determine our sensitivity to heavier vec-
tor mesons. Upper limits were placed on the
quantity B(C,+C,) for representative computer-
generated V meson spectra centered at m„=1400
and 1600 MeV. The cross-section parameters
of these theoretical resonances were set equal
to those of the p: 1 =120 MeV, b, =48 BeV ',
and b, =8 BeV '. %e used the p parameters for
carbon, C, + C, = 11.7 mb BeV ' and C, = 1.56 mb
BeV ', '4'" to determine the ratio C,/C, which

was used for high-mass resonances. 2-s.d. up-
per limits obtained from the data were B(C, + C,)
& 0.092&&10 4 mb BeV ' for m„=1400 MeV and
B(C, + C,) &0.073 mb BeV ' for m„=1600 MeV.
Figure 1(b) shows spectra. corresponding to these
upper limits. For the p, in comparison, B(C,
+C,) =10x10 ' mb BeV ', using the p-~ phase
recently measured. " Thus these upper limits
are approximately 100 times smal1er than B(C,
+C,) for the p. (If C, =O the upper limits in-
crease by =30 /o. )

These limits may be translated into limits on
coupling constants em„'/2y„of the photon to heavy
vector mesons V. If vector dominance holds and
the V-carbon scattering amplitude is equal to the
p-carbon amplitude one obtains (y~/y„) = [B„(C,
+C,)„r„m,]/[B,(C, +C,),r,m„]. Using m =765
Me V, I

~
= 120 Me V, a,nd B~(C, + C,) ~

= 10x 10
mb BeV ' we obtain 1 s.d. upper limits: (y, /y„)
&0.05 for m„=1400 MeV and (y~/y„)'&0. 04 for
m„=1600 MeV. (Setting C, =0 increases these
upper limits by a factor =2.) The experiment of
McClellan et al. ' on m'n photoproduction has
given (y~/y„)'& 1/240 at m„=1400 MeV, making
the additional assumption that I"„=I'„,+ „—= 100
MeV. Since we do not know that l „=1„„+,— this
upper limit can be expressed as (y~/y„)'(r„, +,-/
I"„)&1/240. Our upper limit, although larger
than the value of McClellan et al. by a factor
=10, is not dependent on assumptions regarding
the ratio I'„,+,-/I'„.

An additional fit was performed in order to
parametrize the extent to which the data agree
with QED theory. The theoretical form

c[(1+Pm') Y(~) +Y, (m)]

was fitted to the data in the interval 1170 MeV
& m & 1770 Me V where the p —p. '+ p, contribution
is zero and the p - p.'+ lL( contribution is small.
(In symmetric lepton-pair photoproduction the
term proportional to Pm' represents a possible
breakdown of QED for the virtual lepton far off
its mass shell. ) The results of this fit were
C =1.14+0.08 and p=0. 037+0.022 BeV ' (1-s.d.
statistical errors). Here g /deg of freedom
=17.4/18. Using P = -m'/A' we find a 2-s.d. low-
er limit of A &1.9 BeV. Similarly, the limit of
Hayes et al. ' is A & 2. 3 BeV and the limit of Al-
vensleben et al. ' is A &1.7 BeV.

The above value of P is considerabP nearer to
zero than the values p =-0.80+ 0.43 BeV ' and
p=-1.6+0.7 BeV obtained in earlier experi-
ments on muon pair photoproduction performed
by this group at lower invariant masses.
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