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SCATTERING OF HIGH-ENERGY POSITIVE AND NEGATIVE MUONS ON ELECTRONS
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The elastic interaction of 10.1-6eV/c positive and 14.5-6eV/c negative muons with
electrons in nuclear emulsion has been studied. Energies of the knock-on electrons cal-
culated from scattering measurements were comparable with those obtained from their
ejection angles. In the case of both positive and negative muon-electron elastic scatter-
ing we did not observe any departure of the muon from a Dirac-type particle with trans-
ferred energies up to 1.4 and 3 GeV, respectively. This is in contradiction with some of

the previous results.

During the past few years a number of experi-
ments' ' were performed with cosmic rays to
measure the muon-electron elastic interactions.
Most of these experiments have shown an anom-
alously large number of events in the region of
1 GeV energy transfer to the electron, while one
other4 has shown a larger cross section for pos-
itive than for negative muons at the higher mo-
mentum-transfer values. These experimental
results for the cross section are in disagreement
with the theoretical calculations for the interac-
tion of nonidentical point fermions which has been
derived by Bhabha. ' The overall situation with
the cosmic-ray experiments is still confused and

complicated. All the cosmic- ray experiments
possess a common set of difficulties, for ex-
ample: (i) The pion background is uncertain,
(ii) the muons in a particular experiment are not
monoenergetic, and (iii) the use of thick targets
necessitates serious corrections for multiple-
scattering and radiation processes.

There are other experiments' which used ac-
celerator-produced negative muons with momenta

peaked at 8.5 GeV/c; and positive and negative
muons' at 5.5 and 10.5 GeV/c, respectively. In

both cases thick targets were used and thus one
has to take into account multiple processes which
also include the ionization loss of the p. meson.
For 8.5-GeV/c negative muons, the calculated
and the measured value of the cross section
showed a better agreement than in the case of a
later experiment with 5. 5 and 10.5 GeV/c in
which the agreement was -30%.

In order to overcome the shortcomings of the
previous experimental techniques and also to look
into the previous controversial experimental re-
sults, we used monoenergetic muon beams of
10.1-GeV/c positive muons and 14.1-GeV/c neg-
ative muons in nuclear emulsions which have a
great deal of spatial resolution. The maximum
kinetic energy transferrable to the electron is 4.8
and 8.3 GeV from positive and negative muons,

respectively.
Two small stacks of Ilford 6-5 nuclear emul-

sions were exposed to muon beams of primary
momenta 10.1 and 14.5 GeV/c at the Brookhaven
alternating-gradient synchrotron with a flux den-
sity of 1 x10' muons/cm'. The contamination of
pions in the muon beam was less than 10 '. The
scanning was done by the "along the track" tech-
nique where the incident muon was followed along
its path through the emulsion. Beam tracks
whose projection and dip angles were less than
three degrees from the "general" beam direction
and which were in the central two-thirds of the
emulsion thickness were chosen for scanning.
The track thus chosen was then aligned parallel
to the X motion of the Koristka microscope stage
and scanned along its length using a constant os-
cillation of the Z control to facilitate observation
of events with dip angles greater than O'. As we
were only interested in the high-energy knock-on
electron events, we confined our scanning to the
scattered events whose projection angles were
less than 10'. In order to save scanning time,
we used a special eyepiece which has a cross
hair of the desired projection angle. This per-
mitted stopping from scanning only for the events
which obviously fell within the desired angle and
thus increased our scanning speed to half a meter
per hour. For an interaction to be accepted for
measurement as a possible knock-on electron
event, it had to satisfy the following stringent
criteria: (i) There should be an apparent vertex
coincident with the primary track; (ii) the secon-
dary has to be straight for at least one field of
view and sharp scatters were not included (elim-
inating Auger electrons); (iii) the vertex has to
be a three-particle vertex (without any recoil of
nucleus); and (iv) the projected angle has to be
less than some predetern:ined cutoff angle (-10').

The next criterion applied to each of the events
was the determination that the secondary track
of interest was indeed due to an electron. This
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determination was made during the measure-
ments of the event, when the electron track was
followed for scattering measurements. The
events satisfying the above criteria for analysis
also have to satisfy criteria for being an elastic
muon-electron interaction, as the knock-on pro-
cess is a two-body process. The selected events
were further checked for coplanarity and energy-
momentum balance.

Since most of the controversy in the previous
experiments arises for knock-on electrons with

energy ~ 1 Ge V, accuracy in the measurements
of the small angles &as highly desirable. Con-
sequently a coordinate method suitable to our
needs was developed and was used for all the
angle measurements. The error in the angle was
carefully calculated from

(o )'=ct/p'p'+c, /t',

(a ~)' = ct/p'p'+ c,/t',

where 8 and p are the projected and dip angles.
The first term is the multiple-Coulomb-scatter-
ing contribution to the angle error where t is the
length of the cell size used, pp the particle en-

ergy, and c is a constant that contains & the

scattering constant for the cell length f. The
optimum cell size used for different energy
ranges of knock-on electrons varied from 50 to
250 p.. The second term contains the error due

to measurements. The constants c, and c, con-
tain the noise contributions as determined by
the methods of Biswas, Peters, and Rama'; c,
also contains the effects of finite depth of focus
and shrinkage-factor uncertainties. From the
measurement of errors in the projection and the

dip angle separately, we calculated the error in

the space angles which was less than 5'fg. Ener-
gies of the secondary electrons were carefully
measured using the technique of multiple Cou-
lomb scattering and they were corrected for all
experimental observed errors. The statistical
error in the scattering was calculated by the
method developed by Bonnetti, Dilworth, and

Scarsi. "
By scanning a total length of about 83.14 and

280 m for positive and negative muons we found

about 39 and 86 events for 10.1- and 14.5-GeV/c
muon beams, respectively. In each case data
were separately plotted for projection and dip

angles and from these distributions we find that
the dip-angle histograms show a definite tendency
to peak at small angles whereas the projected-
angle histograms exhibit a paucity of events in
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pIG. 1. The combined (a) dip-angle and (b) projec-
tion-angle distribution for knock-on electrons from
10.1- and 14.5-6eV/c positive and negative muons, re-
spectively.

the central region and more uniform distribution
for the larger projected angles. In Figs. 1(a)
and 1(b) are shown the combined angular distri-
butions for 10.1- and 14.5-GeV/c muons for dip
and projected angles, respectively. These dis-
tributions indicate that the scanning technique
used was most efficient for events with small-
magnitude dip angles and becomes less and less
efficient as the dip angles increase. Loss in
scanning efficiency was calculated and was used
in the final calculations. It was found that no
corrections were needed for events with energy
transfer greater than 100 MeV.

For both the beams, we plotted the energy de-
rived from the scattering technique against the
calculated space angle of the electron from the
angle measurements. We found that most of the
experimental points lie within one standard devia-
tion of the kinematical curve. There are a few
events (two in the positive and five in the negative
muon beam) that fall below the kinematical curve.
They have been carefully scrutinized and have
passed all the validity tests within our criteria
for event acceptance except the fit to this curve.
It is found, however, that the track of each of
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these seven events passes through a certain
point along its trajectory where there is a defi-
nite change in the multiple-scattering behavior.
The change indicates an energy loss greater than
the average expected amount in the length of the
track used in the scattering measurement. This
behavior has been attributed to a catastrophic
bremsstrahlung loss. We know that electrons
can radiate large amounts of energy in small
distances and these few events have suffered
radiative collisions with energy losses great
enough to be detected by the scattering technique.
To correct for these effects and to ultimately
minimize the uncertainty in the secondary-elec-
tron energy, for the final analysis the energy
used was that from the measured ejection angles.
This technique gave us an average uncertainty of
15% in the electron energy with a maximum un-
certainty of -20%. Thus the energy loss due to
radiation for these few events was corrected and
the integral spectrum of the number of events
was plotted against the energy of the knock-on
electron. In Fig. 2(a) are shown the experimental
data for 10.1-GeV/c positive muons. The largest
value of the kinetic energy transferred to the
knock-on electron observed in this beam is 1.5
GeV. The solid vertical error bars represent
the statistical error due to the number of events
considered, derived from the Poisson distribu-
tion. The dashed extensions to the statistical
error bars are the scanning-bias corrections as
discussed earlier for large dip-angle events.
The solid curve was calculated from Bhabha's
formula for the cross section and this was un-
corrected for the radiative processes which are
only 5-6%. This small correction will be un-
noticeable on the scale of these plots and indeed
not detectable within the precision of this experi-
ment. The absolute cross sections as predicted
by Bhabha for transferred energies greater than
250 MeV are in excellent agreement with the data.
The present experimental results reflect no ano-
malous scattering of positive muon on electrons
up to f =1.8X10 ' (GeV/c)'. If we consider these
results in comparison with the results of Back-
enstoss et al. ' at 8 GeV/c for negative muons,
we get no indication of charge asymmetry in the
scattering. In Fig. 2(b) are shown the results
of 14.5-GeV/c negative muons, where the highest
energy transferred to the knock-on electron was
observed to be 3.25 GeV. Once again the fit to
the unnormalized Bhabha cross section for trans-
ferred energies above 25D MeV is excellent. The
data reflect no anomalous scattering and no

structural effects of negative muons on electrons
up to t = 3. 3 X10 '(GeV/c)'.

Thus we see that the present results show that
in negative muon-electron scattering there is no
deviation from the Bhabha cross section up to
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FIG. 2. Integral cross section versus knock-on elec-
tron energy from (a) 10.1-GeV/c positive and (b) 14.5-
GeV/c negative muons. The solid error flags on the ex-
perimental points represent the statistical error in the
cross section:



VOLUME 23, NUMBER 13 P 8Y SI CAL RE V I EW I.ETTERS 29 SEPTEMBER 1969

transferred energies in the region of 3 GeV.
This is in contradiction to some of the cosmic-
ray experiments which reported deviation from
the Bhabha cross section. Our results for the
scattering of positive muons on electrons up to
transferred energies in the region of 1.5 GeV
also show agreement with Bhabha cross section.
This is in contradiction to some extent to the
charge-asymmetry results of Kotzer and Ned-
dermeyer. '

Thus we believe that to the best of our knowl-
edge this is the first muon-beam experiment in
nuclear emulsion in which a systematical study
was made for the pure knock-on process. We
are checking the results at 5-GeV/c negative
muon momenta and also extending our observa-
tions to a 10.1-GeV/c positive-muon beam.
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Recent Regge-pole models have predicted the existence of particles of well-defined
mass lying on daughter trajectories of such known particles as the p. A search for the
coherent photoproduction of these mesons from carbon has been made. None was
found. We conclude that in the mass range 1.0-1.8 GeV such mesons are coupled to the
photon or the nucleus, at least two orders of magnitude more weakly than is the p.

A common feature of various Regge-pole mod-
els is the existence of daughter trajectories. ' In
particular the Velleziano model leads to faml"
lies of particles lying on parallel, linearly ris-
ing trajectories. Thus, each particle on the p
trajectory is degenerate in mass with particles
of lower spin lying on daughter trajectories. We

report here a sear ch for the 1 daughter s of the
2' and 3 mesons of the p trajectory. Hence-
forth, we shall refer to these 1 mesons as the
p' and p", respectively. Shapiro, ' applying the
Veneziano model to nm scattering, obtains the
following values for the masses and 2m decay
widths of the p' and p": m~ =1300 MeV and
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