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Scattering of High-Energy Positive and Negative Muons on Electrons*
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A counter experiment on p+e scattering has been performed in the muon beam at the Brookhaven AGS
with particular emphasis on a possible asymmetry. Two strongly filtered beams of either sign were available,
one peaked at 10.5 GeV/c, and the other at 5.5 Gev/o produced by further energy degradation in a uranium
absorber. Electron energies were measured in terms of the light output produced by the cascade shower gen-
erated in a total absorption multilayer Pb scintillator counter. Two types of runs were made using the same
apparatus with diferent event selection. In the first type all incident muons triggering the beam-defining
hodoscope were counted, the effective target was distributed through the entire apparatus, and all pulses
from the shower counter were measured and stored in a 400-channel pulse-height analyzer. In the second type
the target volume was rather well defined, by a suitable pulse signature, to be the middle one of three water-
Cerenkov counters placed in tandem in front of the shower detector. Results of the erst type show that there
is no asymmetry &~10/0 in the total electromagnetic energy loss spectrum from 0.1 to 6 GeV. Results of
the second type, which have less good statistics, give the absolute p-e scattering cross section to +30'Po with
no indication of an asymmetry.

I. INTRODUCTION

A NUMBER of cosmic-ray experiments, ' ' designed
to measure the muon-electron collision cross

section, have shown an anomalously large number of
events in the region of several-GeU energy transfer to
the electron. However, one experiment using acceler-
ator-produced negative muons with momenta peaked
at 8.5 GeV/c gave excellent agreement with theory and
no indication of an anomaly. ' The situation with the
cosmic-ray experiments is still rather confused and
complicated, and it does not yet seem to be possible to
make an absolutely 6rm claim that the anomaly is real.
Therefore no attempt is made here to give either a
sununary or a critical discussion of those results. We
present instead in Fig. 1 a graph showing an attempt to
relate the cosmic-ray data for several experiments.

The purpose of this paper is to report the results of
an experiment performed at the Srookhaven AGS in a
muon beam with a broad momentum spectrum peaked
at 10.5 GeV/c. Positive and negative muons of the same
momentum were used in separate data runs, and a few
subsidiary runs were obtained in a negative beam
peaked at 5.5 GeV. Altogether, the cosmic-ray results
from our laboratory would suggest a generally larger
cross section for positive than for negative muons at
the larger momentum transfers, but with an apparently
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lower cross section for positive muons near the kinematic
limit (maximum "q" or maximum energy transfer to
the electron in the laboratory system). The present
experiment was intended especially to detect the
presence of an average asymmetry at a level of &10%
for four-momentum transfers up to 80 MeV/c. Because
of the small (&3%) expected charge-asymmetric
radiative corrections to the erst-order quantum-electro-
dynamical (QED) scattering (Nikishov ), the experi-
ment was undertaken in the spirit of testing for the
possible existence of a new muon process rather than as
a test of QED.
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FJG. 1.Differential distributions in electron energy from various
cosmic-ray experiments on p-e scattering, shown for electron
energy up to 10 GeV. The reference curve has arbitrarily been
taken proportional to 1/Zs, which would correspond to muons of
infinite incident momentum; however, in each case the relation of
the plotted points to the reference line is the same as the relation
of the various authors's data points to their own calculated
theoretical curves with regard to event energies, statistical errors,
and deviations from the expected values.

A. I. Nikishov, Zh. Kksperim. i Teor. Fiz. 39, 757 (1960)
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II. SEAM

The muon beam at the Brookhaven AGS is produced
by decay in Qight of pions from an internal beryllium-
wire target. After a decay Qight path in vacuum of
approximately 125 ft, some 10%%uz of the pions have
decayed into muons. The pions and other strongly
interacting particles are then removed by nuclear
interaction in a Glter of beryllium and graphite, and
the beam of muons which exits from the Glter is
expected to have a pion contamination of less than one
part per million. This low level of contamination is
supported by measurements made by the Columbia-
Rochester group. ' For the present purposes, such a
contamination is completely negligible.

Magnetic focusing and bending of the particle paths,
together with collimation by large steel blocks contain-
ing lead inserts, results in a muon beam with the
momentum spectrum shown in Fig. 2(a). In part of the
experiment, the beam traversed an additional 6 ft of
uranium to produce the lower-energy beam of muons
shown in Fig. 2(b). The spectrum in Fig. 2(a) was
measured by the Columbia-Rochester group, ' and that
of Fig. 2(b) was obtained from Fig. 2(a) by use of
energy-loss tables. ' The momentum spread was so

J. Christenson (private communication).
9%. H. Barkas and M. J. Berger, Natl. Aead. Sci. Natl. Res.
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FIG. 2. Muon momentum spectra. (a) Filtered beam, as mea-
sured by the Columbia-Rochester group. (b) After traversing an
additional 6-ft uranium absorber, obtained by applying a constant
5-GeV energy loss. These are the spectra actually used in the
analysis of the data. Later direct measurements gave a value 5.4
instead of 5.0 GeV for the energy loss in the uranium.

large (about 3.5 GeV/c at half-maximum, and 5.5
GeV/c at 20%%u0 maximum) that the upper energy limit
of the scattered electrons was very poorly defined in
the electron energy distribution.

Because the pion beam was extracted in a manner to
minimize the eGect of the fringing Geld of the ring
magnet, it was possible to choose either muon sign with
no appreciable change in the spectrum by reversing the
current in each of the beam-transport magnets.

III. APPARATUS
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I IG. $. Experimental apparatus.

A top view of the experimental apparatus is shown
in Fig. 3; the muon beam goes from left to right. C1,
C2, and C3 are water Cerenkov counters. S is a shower
counter of lead and plastic scintillator. Beam-deGning
counters are placed in front of (FH1-4, FH5—8) and
behind (HH6, BH8, S102) the apparatus as shown.
Electrons struck in the water and in the shower counter
produce large pulses in S by the generation of electro-
magnetic showers in the lead.

The shower counter consisted of 15&X11~&(11—', -in.
lead plates interleaved with 16 similar plates of plastic
scintillator viewed by four 5-in. photomultiplier tubes
through light pipes of clear silicone potting compound.
The whole counter was contained in an aluminum box
for optical, thermal, and electromagnetic isolation.
The temperature of the counter was maintained con-
stant to 0.1'C to stabilize the photomultiplier gains.
The total counter was 16.7 radiation lengths thick.

The Cerenkov counters C1, C2, and C3 were used to
enhance the selection of p,-e events in the water. Each
was viewed by two 5-in. photomultiplier tubes with
passively added outputs. Each counter measured 14&(14
&(9 in. deep, large enough to eliminate edge effects of
beam particles passing directly in front of the photo-
cathode, and painted with a highly reQective Epoxy
paint to maximize the light output.

Information from the shower counter was analyzed
and stored by a 400-channel pulse-height analyzer.
Pulses from the Cerenkov counters were progressively
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delayed and photographed from an oscilloscope trace
in part of the experiment. A small electronic fixed-
program logic and storage system was used to collect
various event data and record them on punched paper
tape.

The scintillation counters FH1—4 and FH5—8 were
arranged in hodoscope array in front of C1. BH6 and
BHS were used in anticoincidence behind the shower
counter to guard the light pipes. Counter S102 defined
the beam, together with the central four hodoscope
elements.

IV. EXPERIMENT

The data were of two types. In the first a minimum
trigger was used which required only a muon traversal
of the beam telescope, and every coincident pulse from
the shower counter was digitized and stored. In this
case the target is unlocalized and consists of all material
in the beam path including the shower counter itself.
There is a consequent degradation of the observed event
energy and a corresponding broadening of the distribu-
tion, because of the varying energy losses through the
back, for the fraction of events that occur deep in the
shower counter. These runs have the further disadvan-
tage that the highest-energy p-e events that occur in the
lead are very strongly dominated by a background due
to bremsstrahlung of the muons. The direct pair
production also contributes slightly, but equals the p-e
only in the very tail of the latter. Nevertheless, extended
runs of this type were made, for several reasons: (i)
There was essentially no loss of time for readout, hence
better statistics for the same total operating time;
(ii) the runs provided extended data on the complete
energy distribution from the minimal energy loss to the
highest-energy events (this was extremely valuable,
because it was not possible for us to make an absolute
energy calibration of the detector); (iii) they gave a
check on the constancy of shower-counter performance;
and (iv) somewhat independently of the validity of the
energy scale, which was not determined absolutely, they
provided the possibility of making a fairly accurate
test of the presence of an asymmetry between p+-e
and p -e, even though the p, -e was rather strongly
dominated by the muon bremsstrahlung near the
kinematic limit of the p-e.

In the second type of data, selected by the Cerenkov
counters, the pulses from C1, C2, and C3 were mindow-
discriminated to favor events in which a p, -e collision
occurred in the middle counter C2. In this mode of
operation the apparatus could process no more than one
event per beam spill; therefore a minimum pulse height
was required in S in order to limit data taking to the
high-energy events and avoid swamping by low-energy
ones. The master event coincidence required satisfactory
pulses from the beam telescope, the Cerenkov counters,
the shower counter, and no pulse from the anticounters.
The yes or no responses from all counters were recorded
regardless of whether they participated in the trigger or

not. This guarded against accidentals and upstream
events. The pulse height in each Cerenkov counter was
recorded on 61m, then later measured and written on
magnetic tape for use in the Anal computer analysis.

V. ANALYSIS OF DATA

The relation of light output to energy has been
shown to be linear for shower counters similar to ours
in the range of electron energies up to several GeV.""
The energy resolution for monoenergetic incoming elec-
trons is dominated by shower Quctuations rather than
photomultiplier statistics in this energy range. Heusch"
has measured the resolution of a shower counter
very similar to ours and reports a smooth variation in
resolution from o = &10%at 1 GeV to &5% at 4 GeV.
His resolution curves indicated an accurately Gaussian
energy distribution measured for monoenergetic in-
cident electrons. The linearity of response presupposes
adequate shower containment; our counter was suR-
ciently thick to contain an average of 97% of the energy
of a 10-GeV shower.

A systematic error due to photomultiplier gain drift
must be included in assessing the over-all precision of
the measured energy spectrum. This source of un-
certainty is emphasized by the steeply falling energy
dependence and dominates the systematic error in the
asymmetry measurement. Long-term drifts averaged
2.2% rms for all runs. Systematic correction of the
spectra reduced this to 1.3% rms for the uncorrectable
short-term drifts. Electronic drift was negligible by
comparison with the phototube drifts.

Comparison of calculated and measured, spectra
indicated a nonlinear pulse-height to shower-energy
relation in the shower counter later traced to space-
charge saturation in the photomultiplier dynode
structure for large pulses. (This counter had originally
been built in Seattle as a Lucite Cerenkov counter with
adiabatic light pipes. For reasons that me mere never
able to discover, it failed completely to function at
Brookhaven, although it had passed the tests made at
Seattle. It was rebuilt in the Brookhaven shop as a
scintillation counter with cast pyramidal light pipes.
Some loss of operating time also resulted. ) The non-
linearity caused a loss of precision from about &10%
uncertainty to &30% in the absolute cross-section
measurement, and precluded our being able to see the
radiative corrections due to high-energy photo emission
as described by Gorge et al.~ The deviation from linear-
ity w'as well described by a single saturation parameter
Eo in the pulse-height to shower-energy relation given
by: pulse height (channel No. )=GeE/(1+8/Es),
where B is the shower energy and Go is a constant of

C. A. Heusch and C. Y. Prescott, in Purdue Conference on
Instrumentation, May, 1965 (unpublished).' G. Sackenstoss, B. D. Hyams, G. Knop, and U. Stierlin,
Nucl. Instr. Methods 21, 155 (1962).

'2V. Gorge, M. Locher, and H. Rollnik, Nuovo Cimento 27,
928 (1963).
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FIG. 4. Theoretical curves representing expected event probabil-
ity versus measured event energy. (a) 6-GeV muons, no target
seiection; (b) 11-GeV muons, no target selection; and (c) 11-GeV
muons, Cerenkov-selected.
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proportionality. The value of Eo, determined by a
consistency requirement for fitting the 6- and the 11-GeV
data simultaneously, was Eo ——9.5 GeV. The increase of
the uncertainty in measuring the absolute cross section
to 30% is attributable to the uncertainty in determining
the value of Zs. Note that only the shape of the curve is

affected by Eo. In every case there is no normalization
on the ordinate, the comparison between experimental
and calculated curves is absolute, and the values of
Go and Eo are 6xed. The nonlinearity does not infIuence
the asymmetry precision, since the effect occurs equally
in both positive and negative spectra.
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Calculations
The curves for the theoretically calculated shower-

counter spectra are shown in Fig. 4. The contributions
of the various elementary processes which contributed
to the observed spectra are given separately in each

case. As explained in Sec. IV, the data from runs in
which the minimal trigger was used ("unselected" runs)
contain contributions from material everywhere in the
beam path through the ap aratus plus material in the
beam upstream, but the erenkov selected runs were



SCATTERING OF HIGH-ENERGY MUONS ON ELECTRONS 1417

IOO

~ 60
0

W 20-
0-
(f)

I-
~~-20-

CL

Q

60

- IOO

POSITIVE - NEGATIVE
MUON ENERGY LOSS
ASYMMETRY

N —N x l00%
N+ N

4 ~ ..« ~ vHg " X
"HHl " " ) &H

x UNSELECTED EVENTS
~ CERENKOV SELECTED EVENTS

f I t

4 6 8 IO I2
MEASURED EVENT ENERGY (GeV)

FiG. 6. Observed over-all asymmetry, shown separately for the
nnselected and the Cerenkov-se1ected data.

strongly biased to accept p-e events from C2. For each
theoretical curve the incident muon spectrum was
averaged over bins of width 1 GeV. The collision
probabilities, the detection probabilities, and the cal-
culated fraction of the event energy deposited in the
shower counter were folded together and integrated
through the entire apparatus using numerical methods
of computer analysis in order to obtain the results
shown in Fig. 4. The predictions are absolutely normal-
ized to the amount of material in the experiment and
have no adjustments save the energy —pulse-height
relation previously discussed.

It should be stressed that the abscissas in Fig. 4
correspond to the observed event energies in contra-
distinction to the true event energies, which are
measured only in that fraction of events for which the
entire shower is absorbed in the shower counter. The
unselected data, in particular, contain a fair fraction of
events for which part of the shower energy escapes the
shower counter and hence represent a weighted average
of true event energies ranging from the "observed"
value up to the maximum possible (and uncertain, of
course, by the ener y resolution of the shower counter).
Only 10% of the erenkov selected data should suffer
from this effect. For this reason, the Cerenkov selected
data more accurately represent an energy-dependent
asymmetry, while the unselected runs oGer smaller
systematic and statistical errors.

VI. RESULTS

The measured energy distributions are compared
with the calculated ones in Fig. 5, in terms of event

probability per muon traversal and per 0.1 GeV of
energy transfer. Although the results of the cross-section
measurements show good agreement with the calculated
values, this cannot be taken as a direct veriication of
theory because of the nonlinearity correction mentioned
above. The agreement of the curves with the measure-
ments should be viewed instead as a. confirmation of
the validity of the applied correction.

The results for the positive-negative asymmetry as
determined from both the Cerenkov-selected and the
unselected runs are shown in Fig. 6. For the minimum-
bias runs in which every beam particle had its shower-
counter pulse digitized and stored, the mean value of
of q+ averaged over the interval 0—8 GeV is —0.9%.
Such a small value of the asymmetry is probably
fortuitous in view of the systematic errors, but is not
inconsistent with the predictions of NikishovP

If we combine our results for the asymmetry Ineasure-
ment with the accurate p-e cross section obtained by
Backenstoss et a/. ' for negative muons, we arrive at the
following conclusions: (1) To an accuracy of &10%
there is no cross-section asymmetry observed between
positive and negative muons scattered by electrons in
the energy-transfer range 100 MeV to 6 GeV; (2) the
cross section is well described for both particles by the
first-order scattering diagram (Bhabha formula) cor-
rected for hard-photon radiation as described by
Gorge et ul. , although our results alone are insufhcient
to test the latter. The results are in apparent conflict
with the cosmic-ray measurements.
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