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The absolute cross section for the e*e” — u*u~ reaction was measured in a 12-MeV to-
tal c.m. energy range centered at the mass of the ¢ meson, We observe a deviation
from the s~! dependence of the cross section predicted by quantum electrodynamics when
hadronic modifications are neglected. A good fit to the data requires that one take into
account Yy~ ¢~ 7y virtual transitions. Direct evidence for such a vacuum-polarization ef-
fect is thus established with a confidence level higher than 0.99.

Cabibbo and Gatto' have stressed that e*e” colliding beams offer a unique possibility of studying ex-
perimentally the Kdllén-Lehmann representation of the complete photon propagator
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On the one hand, the spectral function ImiI(z) which appears in Eq. (1) can be measured with e*e”

rings since

Imil (4E2): (Ez/ﬂ'a)[Zf O'(f)(zE)] ’

(2)

where E is the beam energy, and Z‘.fo(f)(.?.E) represents the total annihilation cross section for e*e”
- f summed over all final states f which can be produced in the one-photon channel. On the other hand,
the modification of the photon propagator implied by the integral on the right-hand side of Eq. (1) can
be studied by carrying out accurate measurements on a quantum-electrodynamic (QED) process, such
as e*e”— u* 7, which involves the propagator of a timelike photon. Such an investigation is precisely
the one reported in this Letter. In order to observe a hadronic contribution to the spectral function,
we worked at a total c.m. energy equal to the ¢-meson mass M, since Z)f'o(”(ZE), the prime indicat-
ing that f is limited to hadronic states, exhibits a sharp peak—its highest one—at this energy.

The e*e™— p*u” cross section, which takes into account the modification of the photon propagator
due to the ¢ meson, is obtained® by using Eqgs. (1) and (2) and a Breit-Wigner formula for o(e*e™— ¢):
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T, is the ¢ full width, B its leptonic branching
ratio, and ¢’ is the cross section corrected for
the hadronic effect.® Since 5~3x10"% a 12% de-
viation is expected when 2E=M,=T" /2. In fact,
this effect is somewhat smoothed out by the usual
radiative corrections.

We carried out three independent measurements
simultaneously:

(1) A luminosity measurement by detecting dou-
ble bremsstrahlung and 2y annihilation events
produced at very small angles with the beam line?
800000 events were recorded. The systematic
error attached to the luminosity values is = 5%,.

(2) An energy calibvation of the ring by detect-
ing the reaction e*e” -~ ¢ -~ K*K~. In order to fit
the corrective factor of Eq. (3) with a minimum
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number of parameters, we wanted to know within
a fraction of 1 MeV the beam energy E relative
to Mq,/2. For this purpose, we measured the ex-
citation curve of the ¢ resonance. Figure 1(a)
shows the apparatus. Thin windows (0.2-mm
stainless steel) allowed the kaons, whose kinetic
energy ranged between 10 and 15 MeV, to escape
the vacuum chamber and be stopped in 3-mm-
thick scintillation counters, &, and K,. The very
high background originating from the beams was
almost completely suppressed by (i) using three
anticoincidence counters AC located as shown in
Fig. 1(a), (ii) setting high pulse thresholds on

K, and K,, (iii) taking advantage of the K* — u* v
decay. We counted only those K¥K~ events which
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FIG. 1. (a) Projection of the K"K~ setup on a plane
perpendicular to the beams. (b) Upper half of the u*u”
detector. The lower half is obtained by symmetry with
respect to the orbit plane. Only one of two arrays of
scintillation counters AS used to veto cosmic rays is
shown in this figure.

generated a muon observed in either AC, 07 AC,
as a delayed signal, and in the innermost spark

chambers that surround K, and K, [see Fig. 1(b)]
as a single clean track.

(3) An absolute measurement of the u*u vield
by detecting 2100 muon pairs in a series of cy-
lindrical optical spark chambers.® The upper
half of the setup is shown in Fig. 1(b). The
chambers were triggered by fourfold coincidenc-
es among cylindrical scintillators S sandwiched
between the chambers. The positions and thick-
nesses of the absorbers were chosen in order to
assure the identification of muon events on the
basis of range measurements. Monte Carlo sim-
ulations showed that the efficiency of detection of
muon pairs was 0.326 =0.004 (statistical error)
£0.005 (systematic error), and that it did not
vary by more than a few 10°2 over the energy
range explored, while the efficiency of detection

of pion pairs was 0.04 £0.01 (systematic error;
the statistical uncertainty is negligible). All
ete”, KYK™, Ks°%;° and n*7” n° events as well
as all the particles lost by the beams were elimi-
nated by the 10-cm-thick tungsten absorbers lo-
cated between the beams and the trigger counters.

In order to carry out our measurements in iden-
tical conditions over the whole energy range
which we studied, a large fraction® of our data
were taken while the energy of the ring was con-
tinually and linearly varied between E; =M,/2
-3 MeV and E,, =M,/2+3 MeV; the period of
these cycles was 5 min. Typical intensity and
luminosity values at the beginning of a run were,
respectively, I,~27 mA and L =~5x10% cm"?
sec”!, The runs were stopped after 8 to 9 h of
data taking when the luminosity was down to
about 2 of its initial value. We checked that the
beam energy, i.e., E.;, and E_,,, could be set
within less than =0.25 MeV during this 23-month
experiment.

Since the ring energy was constantly changed,
we used an on-line Varian 620/i computer to re-
cord the energy of each detected event (u*pu",
K*K"~, double bremsstrahlung, and 2y annihila-
tion) and to control the development of the experi-
ment.

The trigger rate of the muon detector was
about 50/h. We achieved such a low rate by re-
jecting 99.9% of the cosmic rays with two arrays
of veto counters and with a standard timing pro-
cedure which takes advantage of the bunching of
the stored particles. The luminosity integrated
over the 600 h of data taking is 6.9x10% cm™2,
30000 pictures were taken. Most of the nonve-
toed cosmic rays were easily discarded at the
scanning of the pictures, which left 3000 events
to be measured. The cosmic rays which re-
mained in this set of pictures were all eliminated
by setting an upper limit to the range of the tracks.
We checked that our cosmic-ray rejection can be
considered 100% efficient by applying the same
procedure to pictures taken with no stored parti-
cles.

The main corrections which come into the anal-
ysis of the data are a 5% subtraction of the left-
over pion events, and radiative corrections (othe
than y - @ -y). The subtraction of pion events
was based on the following experimental re-
sults”™™% o(e*e” ~ntn", 2E=M,)=(3.76+0.51)
x107%% cm® (weighted average), I'(p - n*77)/T,
<8x10"%. No constraint was put on the phase of
the ¢ — n* 7~ amplitude. Our final errors take all
these uncertainties into account. As far as radia-

463



VoruME 30, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARCH 1973

tive corrections are concerned, we used the re-

sults of Bonneau and Martin'! for the y*u” events.

We took into account real photons emitted off the
peaking approximation. Furthermore, a 1% ra-
diative correction was applied to our double
bremsstrahlung measurements according to
Baier and Geidt’s calculations.!’? The overall
uncertainty in these radiative corrections 0 was
estimated to be A6 =1.5x10"2,

Results,—OQur first result bears on an eventual
polarization of the stored particles with respect
to the vertical guide field of the ring. Sokolov
and Ternov’s analysis'® predicts an ultimate
92.5% polarization of each beam which builds it-
self up with a time constant of 35 h in the condi-
tions of our experiment. Such a transverse po-
larization would affect the azimuthal distribution
of the muons in a well-known way.!* In order to
investigate this point, we considered the ratio
R=(Ny3XNy,)/(Nyy XN, ,), where Ny ; (N,;) is the
number of muon pairs detected during the first
3 h (after 3 h) of each run, and N;; (N;,) is the
number of events detected with an azimuthal
angle ¢ with respect to the horizontal plane such
that 25° < $ <45° (67.5°< $ < 90°). One predicts
R =1.5 if polarization does take place, and R=1
if it does not. The measured value is R=0.99
+0.11. Therefore, we conclude that the crossing
of a resonance did prevent the polarization from
taking place in our experiment. This result
agrees with the observations of Le Duff et al.'®

We may now check whether Eq. (3) correctly
describes our absolute measurements of the
muon cross section. Figure 2(a) is the best fit of
the right-hand side of Eq. (3) integrated over the
detector acceptance to the number of observed
' events divided by the time-integrated lumi-
nosity for each energy bin. The value of M,, is
set according to our excitation curve of the ¢ as
shown in Fig, 2(b). For T o We use a weighted
average of more-accurate measurements, I,
=4,00+0.22 MeV.!® Therefore, our fit has two
parameters: B, on the one hand, and on the
other a scale factor « by which we multiply the
right-hand side of Eq. (3). The x? value of the
best fit is 9.6 for thirteen degrees of freedom.

From the best fit, we deduce'” that k=1.12
+£0.03 (statistical) £0.11 (systematic); this value
is to be compared to unity. This test is nearly
independent of the y - ¢ — vy transition effect. We
may use our result on « to set a lower limit on
a cutoff parameter A introduced in the usual
way'®: One modifies the cross section for e*e”
— " by multiplying it by F2(k£?), where F(£3)
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FIG. 2. (a) Best fit of the right-hand side of Eq. (3)
to the normalized number of u*u~ events plotted as a
function of the total c.m. energy 2E. The dotted line

shows the best fit of o(e*e” — pu*u") without hadronic
vacuum polarization. (b) Excitation curve for ete™ — ¢
— K*K~. This process was measured simultaneously
with the e*e™ —p*u” reaction in order to calibrate ac-

curately the ring energy.

=(1=k*A"?)"! and k2=4E% We add the systematic
error to twice the statistical error to obtain |Al
>2.8 GeV/c (95% confidence).

Finally, we obtain B=[2.93 £0.96 (statistical)
+0.32 (systematic)| x10"%, while the value®'® de-
duced from o {e*e” ~ ¢) is B=(3.01+0.12)x10"%,
The parameter B—which is almost uncorrelated
to k——characterizes the amplitude of the devia-
tion we were looking for, and we note that a van-
ishing value for this parameter is rejected with
a probability higher than 0.99. Therefore, this
experiment® provides direct evidence, obtained
for the first time,® for hadronic vacuum polari-
zation.
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In studying the single-pion production amplitudes in the vector-meson mass range (p and
K*) we observed zeros and structures in Repl} and pll, density matrix elements. The zero
of Repl} is observed to be approximately independent of beam momentum, charge state, or
strangeness of the vector meson and is invariant under s-f crossing at Azzmvz—mpsz. This
gives a strong support to absorptive models. Our analysis shows inconsistencies in the re-

cent amplitude analysis.

In order to give a quantitative description of the experimentally observed characteristics of the sin-
gle-pion production amplitudes, one has to consider both ¢-channel exchanges and s-channel absorption
effects. With a sufficiently complicated parametrization one is able to fit many reactions by emphasiz-
ing the absorptive! or Regge aspects® of the reactions. Instead we have looked for the existence of dra-
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