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The salient features of the radiative corrections to the line shape of the reaction e+e
$(3105) are described, emphasizing the importance of treating the infrared divergence

to all orders. A tentative value of 5.2 keV is obtained for the partial width for the g to
decay to e+e . An interesting but possibly fortuitous relation among the leptonic decay
widths of the p, , y, and |tl is noted.

Recently, new resonances have been discovered
at Brookhaven National Laboratory' and Stanford
Linear Accelerator Center. ' They are presum-
ably vector states which couple to e'e pairs
through a virtual-photon intermediate state, as
do the p', ~, and y. As a consequence of the
fact that these new resonances are very narrow,
certainly less than a few MeV, the radiative cor-
rections to the line shape in e e annihilation be-
come very significant, as is apparent in Fig, 1.
The main feature is that the line becomes very
skewed because the incoming electrons can emit
soft photons before producing the resonance. In
the first presentation of the data, the radiative
line shapes mere calculated to lowest order in n
using an analysis of Bonneau and Martin. ' How-

ever, for such narrow lines, this lowest-order
estimate is rather poor and it becomes necessary
to include the infrared contributions to all orders.
The procedure is essentially no different than the

one which has been known for many years in the
case of elastic or inelastic electron scattering.
However, it has apparently not been presented in
a convenient form for the analysis of resonances
in e+e annihilation. This will be done here, and
a preliminary analysis will be made of the pub-
lished data in order to estimate the partial width
for the decay of the vector mesons into e'e
pairs. A final analysis will require a careful
least-squares fit to the data, and is best made by
the experimentalists when the final data become
available.

The observed line is formed from the convolu-
tion of three factors: a Breit-Signer function to
describe the line shape of the resonance; a radia-
tive tail A.(e) giving the probability of emitting a
certain amount of radiation; and a resolution
function for the beam energy, presumed to be a
Gaussian function. Let 2E be the total beam en-
ergy available in the center-of-mass frame,
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(emission of photons from hadrons has been ne-
glected; this could affect the overall width by
terms of order n, but not the shape of the ob-
served line). To obtain a satisfactory expression
for the shape of the radiative tail, real and vir-
tual infrared terms must be summed to all or-
ders. 4 Noninfrared terms may be calculated to
lowest order in n. The result is
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FIG. 1. Comparison of the data with three calcula-

tions of the radiative line shape depending on the ener-
gy resolution &.

and K be the energy and momentum carried off
by radiation, and M be the mass of the hadronic
system. It is easy to see that we may ignore the
kinetic energy of the hadronic system (=—K'/2M)
and set

nA 2e 13 n m 17
~(~) = 1+—~+———— . (4)

M0 12 & 3 18

The predicted line shape is now obtained by
multiplying these three factors together and inte-
grating with respect to M and E. In the prelimi-
nary curves presented here, the Breit-Wigner
function and Gaussian resolution are replaced by
a single, "equivalent" Gaussian function. Three
such curves with the values (5, 8) =(0.8, 7600),
(1.05, 9700), and (1.4, 12600) (where 8 has units
nb MeV) are compared with the data in Fig. l.
The curve for 6=0.8 is clearly too narrow, in-
dicating some source of beam-energy spread
which is not yet understood. ' (Note, the reso-
nance line itself is too narrow to account for the
additional spread. ) There are some simple fea-
tures of these curves which are worth noting
since they may be useful for a quick appraisal
of such data: (1) The peak height is given by

e 2+25
&PR=—

(2 „g,5 [1+0.79nA]. (5)

The Breit-Wigner function for the resonance is
characterized by a central mass M„a total width
I", partial widths I'(V-l'l ) and I'(V-hadron),
and a total area Q. This area is related to the
other quantities through

, I'(V-e+e ) I'(V-hadron)
Q =6m

0

Determination of this area, together with the
branching ratio into leptons, yields the two par--
tial widths. The total beam energy is centered
on 2ED with a dispersion 5 (=(4(E —Eo)')"'). For
280=3.1 GeV, the value of 6 predicted theoreti-
cally from quantum fluctuations of synchrotron
radiation' is 0.8 MeV.

Finally, we need the probability for emitting
total radiation energy e. The important parame-
ter characterizing this spectrum is nA and it is
obtained by integrating the probability for emit-
ting a single photon over all angles. For the
present process this parameter turns out to be

In2~ ~ —1, 2
— ~21nM 1

me - ~ me

This measures essentially the quantity 8/5. For
g(3105), the radiative correction to the peak
height is approximately a factor of 0.6. Also, the
the peak is shifted about 10/0 of 5 above the reso-
nant mass; this is, of course, negligible com-
pared to the uncertainty in the total energy.
(2) The radiative tail above the peak energy (say
for 2E, —Ma 55) is rather insensitive to the reso-
lution and is given by

4811 ~~ ~ l~
13 n m2 17x 1 i—aAi ———— . (6)12 m 3 18

This determines the parameter 8. (3) The area
under the peak up to 2E, (where 2E, —M & 55) is
given by

gI g 0 M0

13 n n' l71+—oA+—
12 m 3 18
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This yields another method for determining Q.
Undoubtedly, the proper way to determine 8 is

to make a least-squares fit using 5, 5, and Mo
as parameters. Since the peak is being remea-
sured more carefully, there is no point to doing
that with the original data. Instead we shall make
a rough estimate, assuming that 5=1.2 MeV and
that the peak height (less ba, ckground) is 2300 nb.
This gives for the area

be obvious to the reader. When the final data are
carefully analyzed by the experimentalists, it
could ea.sily change by 10 to 15%.

It has been suggested that the new vector mes-
on at 3.105 GeV might be a state of "orthochar-
monium", ' that is, a bound state of charmed
quarks. If that is so, its coupling to the photon
ought to be related to those of the other vector
mesons by'

Q=11000 nb MeV, (8) e2/f 2.e~/f 2 e2/f 2 e~/f 2 —g. 1.2.8 (10)

I'(P-e'e ) =5.2 keV. (g)

The very tentative nature of this number should

Taking the branching ratio of leptons to hadrons
to be about 14%,6 we then find

This turns out not to work terribly well (the g
coupling is too small by a factor of 4 or so).
However, if we instead compare widths to e'e
pairs [which are proportional to e'Mgf„or
~y(0)~'/M„'j, we find the following interesting re-
sult'

I"(p e'e -) I"(~ e'e-) I'(y e'e-) I (f-e'e ) = (0,7 2 a 0.10):(0.76 a 0.08):(0.67 + 0.07):

(0.65*0.07). (11)

Until one understands why the lepton-pair widths
are the best quantities for comparison in the ease
of broken symmetry, this result must be regard-
ed as fortuitous.
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