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ABSTRACT 

The measured ranges of negative muons are ~0.2% greater 

than those of positive muons of the same initial momenta in the inter-

val 500-1500 MeV/C. This necessitates a correction to published 

values for the CP-violating charge asymmetry in KO 113 decays . 

.... 
"'Work done under the auspices of the U. S. Atomic Energy 
Commis sion. 

tpresent address: Enrico Fermi Institute of Physics, Chicago, 
Illi n01 A. 

ttpresent address: High Energy Physics Institute, Serpukhov, 
Moscow District, USSR. . 
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Particle ran~e measurement is a technique frequently used in 

high-energy physics. The most obvious application is in the deter-

mination of momentum by the use of range-momentum tables. This 

technique has been recently used to a precision of ±0.2% [1]. An al-

ternative use is in conjunction with an independent momentum mea-

surement as a means of cleanly segregating particles of different 

masses. A very important class of experiments makes implicit use 

of range to fix a lower bound o~ muon momentum while depleting by 

nucle'ar interaction an accompanying hadron background. The exper-

imenh de &ocribei in the literature which have measured the small 

CP~violatin, charge asymmetry of the K~ 1-13 decays made use of this 

last technique and were clearly vulnerable to a charge sign depen­

dence of the ranle energy relation. The measurement of this effect 

is the subject of this report. 

There have been very few experimental tests of the range­

momentum relationship fer initial velocities higher than 13 =~ """ 0.4[2] . 
c 

Tests of energy loss in thin samples have been made with typical pre­

ci&oion ~f a few percent up to very hilh energies, [3] largely to examine 

the saturation of the relativistic rise in energy los s. No comparison 

of the energy losses of fast positive and negativ~ particles has been 

made with precision better than'" 10/0 [<4:]. It should be pointed out that 

a difference has been observed at very low velocities 13< 0.15 [5] using 

positive and negative pions stopping in nuclear emulsion. From the 

observed rates of energy loss the range difference(R_ - R+) was cal­

culated. It appeared to increase with initial velocity, but reached an 

.,i. 
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asymptotic value of +6 microns for [3 > 0.15, an effect much smaller 

than that reported here. 

The rate of energy loss for a singly charged particle is nor-

mallY expressed by the Bethe-Bloch formula [6, 7, 8] 

1 dE_ 
- P dx -

2n'ne 
4 

[..en (2mp 2W) _ 2 [32 _ <5 _ UJ 
2 A2 12 2 mc p,.... fJ. 

( 1) 

where E is the energy of the particle, p its momentum, andfJ. its 

mass. For the stopping material, p is the density, x the thickness 

3 
(in cm), n the'number of electrons per cm. Parameters of the 

electrons are e the charge, m the mass, and W the maximum ki-

netic energy transferrable to it by the passing particle. The symbol 

1 repre sents the mean excitation energy of the medium, obtained by 

energy loss or range measurem.ent experiments,<5 is the density ef-

fect correction [7] and U represents the electronic shell effect cor-

rections [8] . 

According to the formula, energy loss is independent of the 

sign of the charge of the slowing particle. A test of this aspect has 

been made with apparatus designed to search for the rare decay mode 

o + - ] 
KL - fJ. f.L [9 . A detailed de scription of the equipment has been 

given elsewhere [10]. A plan view is shown in fig. 1., which illus-

trates the two wire spark chamber spectrometers symmetrically 

placed about a neutral beam derived from the Bevatron external pro-

ton beam. The high resolution spectrometers were designed to detect 

the secondaries from charged two-body K~ decays of transverse 

./ 
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mornentum 190-250 MeV/c. The secondaries were deflected, one in 

either ar.m of the apparatus, roughly parallel. to the beam. Hodo-

scopes F, Rand H were placed to trigger the spark chambers on such 
. . 

events. 

Particle identHication was accomplished by means of Freon 12-

filled Cerenkov counters which detected electrons and range telescopes 

which separated.muons from pions. An elevation viewof one of the two 

similar telescopes is shown in fig. 2. The cross- sectional dimensions 

were 120 cm X 120 cm. -2 
An initial thickness of 43 g cm of lead and 

6 -2 -2 1 Og cm of graphite was followed by 17 scintillators of 2.0g cm 

. . . ..' • ~2· 
se,parated by varying numbers of steel plates each 20.0 g cm thick. 

On average the range interval between scintillators corresponded to a 

70/0 change in muon momentum. 

In additioIito K~ -1T+1T- decays which were used to normalize 

the kaon flux and to calibrate the spectrometers, large n~bers of 
0- ~ .:. 

KL-f.L+ir v decays were recorded. It is from the latter that the d'ata 

used in this study were taken. The mome.ntum spectrum of muons 

. entering the range detector lay between 500 MeV / c and 1500 MeV/c. 

Since the direction of the field in the magnets was regularly reversed, 

particles of both signs were record~d on both. sides of the apparatus. 

Thus, despite the fact thai the two range telescopes were not quite 

.identical in thickness, it was possible to measure directly a difference 

- + betwe e n the range s of I.L and f.L ; 

Although a range difference was visible in the data after the 

first analysis, which made use ·of an effective length parameterization 
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of the magnets, a more detailed reconstruction has been made for a 

large sample of the events. This made use of step by step integration 
. . 

of the pion and muon trajectorie s through the magnetic fields. Small 

systematic errors ( $ 0.10/0) in the spectrometer field calibrations were 

inve stigated by making use of the kaon mas s and dire ction constr aints 
I 
i 0 +-from the 1<£. 'IT 'IT events. A small discrepancy remained between the 

mean ~ directions for the two sets of data with opposite, magnet polar­

ity, and its effect is discussed below. The invariant mass resolution 

of ± 1.0 MeV/c
2 

corresponded to a momentum resolution of ±0.43% 

(standard de viation). 

The ranges were analyzed most conveniently by considering the 

momentum distribution of particle s stopping in a given range interval 

between counter s (fig. 3). A high momentum tail in the distribution is 

caus'ed by pionswhich have either decayed in flight or survived nuclear 

interaction. A range cut imposed at about 4 standard deviations from 

the peak limited the pion contamination to about 10% of the events. 

The distribution of pions under the muon peak was investigated with 

the K~ e3 events identified by means of the Cerenkov counters. The 

measured momentum-dependent chargeasyrnmetryof the pion back-

ground required a correction to the fractional range difference of the 

muons of typically (- 0.025 ± 0.005)%. 

+ - . The fJ. . - fJ. momentum difference c5p± was determined for each 

range interval in either spectrometer by taking the difference of the 

mean values of the momentum distribution for the two signs of charge . 

The average value of opjp from these individual results is 0.28%. 

• 
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The two sides calculated separately show a difference of 0.067% where 

0.045% is expected from the apparent chan~e of the K~ direction with 

magnet polarity reve r sal, and the statisticaluncertainty on each side 

is 0.036%. Thiil systematic shift is caAceled by averaging the values 

of op± of the two sides since it cerresponds to equal and opposite er­

ror s on left and right. 

The contribution to the apparent fractional range difference 

from 'Y- ray or neutron emilii Ilion from the nuclear capture of a 1-1- has 

been estimated to be < 0.0050/0 and can be ilnored. On the other hand, 

the photon emiililion that accompanies the descent of the 1-1- through the 

energy levels of the muonic atom had a coniliderably larger effect. 

Essentially all the 1-1- iltoppini in iron were associated with an X-ray 

of 1.3, 1.5 or f. 7 MeV from this process. 

To help evaluate this effect the response of the range telescope 

counters to low energy electrons wasmeailured. A ~-ray spectrometer 

was constructed to de liver an almost monochromatic beam with a range 

of energies selected by thin aluminum deiraders. The energy scale 

was calibrated with a total absorption counter. A sample of eight of 

the counters frem the experiment were tested with this beam and their 

efficiency contours were mapped fer the energy los s range of intere st. 

The re suIts of the measurments showed that the counter s were suffi-

ciently alike to a.llow a confident extrapolation to the cornplete set. 

A numerical calculation was made using the Klein-Nishina 

formula [11] of the transmission thr.ough the iron of X,..rays from 

muons stopped in the plates, and of the subsequent release of energy 
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in the scintillator by the same Compton scattering process. Informa-

tion from this was folded with the efficiency map of the counters and 

the distribution of the stopping muons to estimate for each counter the 

fraction of JJ.- whose apparent range was greater than the real range by 

one counter. The effect of this correction was to reduce the mean 

fractional range difference by (0.081 ±0.008)%. 

The op± value for each of the counters was corrected individ­

ually. The corrected differences, avera~ed between the two sides, are 

plotted as the experimental points in fig. 4A. The statistical uncer-

tainties from the op± measurements, which are dominant, have been 

added in quadrature to the uncertainties from the systematic correc-

tions to give the errors shown in the figure. The first and last counters 

of the range telescopes have been ignored because of low statistics. 

These OPt values have been combined in three groups according 

to'their range s. In each group a weighted mean of the fractional mo-

mentuIndifference s was eva1uated and converted into a fractional range 

difference. The systematic errors, about 30% of the size of the statis-

tical uncertainties, have again been included in quadrature. These re-

suIts are shown in fig. 4B. 

The weighted mean over all the momentum spectrum is 

. 3 
(R - R+)/R = (2.28~J:0.20)X10- at the average momentum of 800 MeV/c. 

A mechanism for such a range difference was apparently first 

considered by Fermi [12], but has been only briefly mentioned in the 

literature [13] apart from a recent treatment by Jackson and McCarthy 

111]. 13y applying an expansion of the Mott scattering formula to include 

" 

• 
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terITlS in e 6,. a difference in the scattering cross-section for f.L e and 

+ - . 
f.L e was obtained. This results froITl interference between aITlplitudes 

for one and two photon exchange. On integration to obtain an expres­

sion for the rate of energy loss, a terITl (± 7r a 13) for f.L± (a is the fine 

structure constant) appear& insiie the bracket of eq. (1). The correc-

tion is also applicable to other particle _ dowin, in ITlaterial, and is 

estiITlated to represent the sign dependent energy loss difference with 

an accuracy of a few percent in the energy range of intere st here. A 

separateITlechanisITl probably re&polli,ible for the low-energy range 

discrepancy [5] has also been evaluated [14], but is insignificant at 

the energies of this experiITlent. The calculations of Jackson and 

McC~rthy for lead; iron and carbon are shown as theoretical curve s 

in fig. 4B. 

A ITlore rigorous cOITlparison with the theory was perforITled 

by using a computer prograITl which ITlade use of the Bethe- Bloch for­

ITlula (1) with the above corre cti~n. This siITlulated the passage of 

ITluons through all the layer & of ITlaterial in the apparatus behind the 

spe ctrOITleter "park chaITlber s. The re suIt of this prograITl for each 

of the range counter. is shown in fi~. 4A a.s the theoretical points, 

2 
which when compared with experiITlent give a value of X = 7.2 for 14 

degrees of frcedoITl. This is better agreeITlent than is statistically 

likely. We believe the non-gaussian tails of the ITluon ITlOITlentUITl dis-

tributions ITlay have caused an overestiITlate of the statistical errors 

2 
on the op ± value s and so an unde re stiITlate of X 

dication that the error s are conse rvati ve. 

We take it as an in-
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A further te st [15] of the systematic reliability of the measure-

ment was afforded by direct comparison of the observed range-momentum 

relation with that predicted by the Bethe- Bloch formula. To do this it 

was necessary to simulate the effect of the muon momentum spectrum in 

the series of stopping regions, allowing for momentum resolution and 

the expected range straggling. 

The energy-loss stepping program included K and L -shell correc­

tions [8], the density effect which contri.uted a 50/0 correction to the long-

est ranges, and the effect of multiple scattering. 

The range data were well represented by the predictions of the 

Bethe-Bloch formula within ±O.30/0 for fitted va.lues of I ,= 79 ±7 eV for 

graphite and I = 287 ± 13 eV for iron. The largest contribution to the un-

certainties came from density and thickness measurements on the mate-

rials. For comparison, an average of I = 83 ±3eV has been suggested 

for carbon [16], while a value of I = 286 has been recommended for iron 

[17], although it seems not to have been measured before at high energy 

where the shell and multiple scattering corrections are not important. 

The best fit values of the straggling widths are a factor of 1.075±O.03 

greater than predicted. This discrepancy is partially caused by non-

gaussian straggling and is not considered to be significant. 

The corrections to the ~ 1J.3 charge asymmetry experiments de­

pend on a knowledge of the muon spectrum, and this can introduce an 

added uncertainty. For the SLAC experiment [18] the effect of the range 

difference correction is to change the asymmetry parameter [) from 
IJ. 

0.49±O.16% to [) :::O.58±O.170/0 according to ref. 19. A recent Bev-
fJ. 

atron experiment with a steeper muon spectrum experiences a larger 

• 
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effect; the experimenters calculate the change to be from O~=0.21±0.10% 

to 0f!= 0.60±0.14.% [20]. Theseasyrnmetry values are consistent with 

each other but are significantly larger than the published asymmetry 

measurements in K~ e3 decays avera~in~ cS
e 

= 0.323±0.0290/0 [21], and 

a recent preliminary result cS
e

= 0.278±0.0280/0[22]. The electron data 

are in good agreement with the value cS e = cS f! = 0.28 from the super-weak 

theory of CP violation and the .6.S =.6.Q rule. By the same token the 

K~ f!3 data now appear to be in disa~reement with this theory. 

We wish to thank R. J. Budnitz and R. L. McCarthy, and 

separately J. D. Jackson and R. L. McCarthy for permission to quote 

their results before publication. We also wish to acknowledge the ef-

forts of the Be vatron staff and our te chniciansin the colle ction of the se 

data . 
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FIGURE CAPTIONS 

Fig. 1. Plan view of apparatus. F and R are banks of vertical 

hodoscope counters, H is a six counter horizontal array and 

T is a fast timing counter. 

Fig 2. Elevation view of Cerenkov counter and range telescope. 

Fig. 3. Incident momentum distribution of positive and negative 

particle s stopping in range interval 11 of the left te Ie scope. 

Fig. 4(a). Difference in incident momenta of positive and negative 

muons for range intervals 2 to 16 (left and right sides averaged). 

The theoretical calculations are de scribed in the text. 

Fig. 4(b). Fractional range differences Qfnegative and positive muons 

for three subsets of the range intervals compared with the com­

putations of Jackson and McCarthy. 
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