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ABSTRACT

The spectrum of electrons arising from the decay of the nega-

tive mu meson has been detefmined. The muons are arrested in the

gas of a high pressure hydrogen filled diffusién cloud chamber.

The momenta of the decay electrons’arebdetermined from their curva-

ture in a magnetic field of 7750 gauss. The spectrum of 415 elec-

trons has been analyzed'accofdingvfb the theory of Michel. The
shape parameter, p, is found to be 0.64 t. .10, The'significance

of this result in terms of the beta interaction is discussed.
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'A. INTRODUCTION

The determination of the spectrum of electrons which are pro~

Aduced by the decay of the muon is one of the most honored problems

in particle physics.l_10 Some of the difficulties in arriving at

1 R. Thompson, Phys. Rev. 74, 490 (1648)

2 J. Steinberger, Phys. Rev. 75, 11386 (1¢48)

3 Leighton, Anderson and Seriff, Phys. Rev. 75, 1432 (1949)
4 A. Lagarrique and C. Reyrou, Compt. Rend..233, 475 (1951)
5 Davies, Lock and Muirhead, Phil. Mag. 40, 1250 (1949)

6 Sagane, Gardner and Hubbard, Phys. Rev. §£"557 (1951)

7 H. Bramson and W. Haﬁens, Phys. Rev. 88, 304 (1952)

8 R. Levisetti and G. Tomasini, N. Cim., 8, 12z (1951)

°. J. Vilain.and R. Williams, Phys. Rev. gé, 1011 (1954)

10 ‘Sagane, Dudziak and Vedder, Phys. Rev. 95, 883 (1854)

definite conclusions from the mass of data are discussed by ¥Williams.
‘One‘of the principal difficulties is the generally poor resolution
that has been used. The earlier data were not accompanied by de-
téiléd discussions of the resolution of the fespective techniques.
The lack of resolution was principally due to radiation losses of
the decay electrons in the material used to arrest the muons.
‘The present experiment employ§ the gas of a hydrogeﬁ filled
diffﬁsion cloud chamber working at a preésure of 19 atmospheres,'
- to stop‘negative.muons and to observe the momentum of the decay

electrons. The experimental arrangement has already been repor-

(290 003 page two
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ted.ll ’In addition to the negligible,radiationranduiOnization los-

1 . , :
1 Sargent, Cormnelius, Rinehart, Lederman and Rogers. ' In Press.

Referred to as I.

ses, the lack of dead mass allows an examination of the entire
spectrum., This virtue eliminates the necessity of arbitrarily

normalizing the data.

B. EXPERIMENTAL CONSIDERATIONS

Negative mesons from‘the 60 Mev pion beam of the Nevis Cyclo-
tfon are moderated and allowed to enter the diffusion chamber, where
a small fraction of pions and-muons spiral to rest in the gas. (See
- Fig. 1) Muon endings are scanned for associated decay-electrons.
Momenta of the electrons are determined fron Curvature and angle
measurements and from the value of the magnet.field (8 = 7750 gauss)
at the time of the event.

Because of the finite depth of the sensitive layer the visible
path length of‘roughly half of the decay electrons is so short that
their inclusion in the data would seriously impair momentum resolu—
tion. The mesons decay from Bohr orbits, hence any criterion wnich
requires that the electrons be emitteo withln sone spe0111eo solid
angle with respect to any. direction 1n space w1ll not bias the mo-
| mentum spectyrum. A_gip angle-versns heignt relaﬁion cOnstituted |
the criterion for acceptance of decey-events for neasurement. For
example, an electron starting at the top of the sensitive layer was

required to. be moving down with a le angle. of less than 48°: -0<tana<l.l.

page three
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'Few of the accepted tracks were shorter than 8 cm. The average
electroh track was 12 cm in 1ength. In the 15-50 Mev/c momentum
range, the 8 cm track in 7750 gauss was measurable to about 5 per-
cent.‘ The error varies inversely as fhe.square of the projected .
track length. |

A mohochfomatic electron beém 6f appropriate momentum for:in-
vestigating resolution was not available. However, one may assign
a reasonably good estimate of the momentum uncertainty to each mo-
mentum measurement. The distribution of such uncertainties deter-
mines a momentum resolution function. Appendix I describes the mo-
men tum measqrement procedure, the uncertainties involved in the

measurements and the determination of the resolution functions.

C. EXPERIMENTAL RESULTS

Fig. 2 represents the.distribution of 415 decay electrons. The
“number of events per.unit momentum interval is plotted against elec-
tron momentum. The horizontal bar attached to each point indicates
the momentum intérval Ap, used to determine the point. The inter-~
vals are chosen sufficiently small that no significant error is made
in ﬁlacing.the point at the center of the intervél, if one assumes
the spectrum to be a smoothly varying function of momentum. The
vertical bar attached to each point is a measure of the statistical
reliability‘of the point; 'It extends WZE_I—IT/Ap from the point,
where AN is the number of events in the electron momentum interval
Ap. o

The curves above the momentum scale in Fig. 2 are resolution

functions at 20 and 50 Mev/c. The resolution function at momentum p

QBSO”OOS . page ﬂmr' | R
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représents the-distribufion of momenta ﬁhich would be observed from
a monochromati;'source'of electrons with'moméntum p. These are de-
termined by the method of Appendix I. Thé resolution function at
momentﬂm‘p turns out to have a width at half maximum given by

R = (.066 % ;020) p. Fig. 3 illustrates the results of improving
.the.resolution by a.more stringent set of criteria. These further
limit the solid angle fqr ;cceptable'tracks.' The resulting tracks
are less steeply inclined to the hotizontal and are longer. This
divisioﬁ of the data is useful in_Studying the‘propagation of reso-

lution errors..

D. ANALYSIS OF DECAY SPECTRUM

The reaction being observed has been interpreted as following
‘the scheme: .

B =e + V4V | (1)

““The theory of this reaction’has been developed by Tiomno, Wheeler

13

and Rau12 and by Michel. The reaction (1) is a weak interaction

12 Tiomno, Wheeler and_Rgu, Revs. Mod. Phys. 21, 144 (1949)

13 4. Michel,Nature 163, 959 (1949); Thesis, PariS»(1950);

Proc. Phys. S?c. (London) A63, 514 (1950)

of four spin 1/2 particles and is treated in the same way as the
nuclear beta decay interaction. Michel's results are given to

excellent approximation by the spectral distribution:
P(x) = 4x2 [3(1-x) + 2/3 p(4x-3)] = (2)
where P(x)dx is the probability per unit time for the decay at rest

page five .
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'V,:of’a‘muon producing an.eleetron with momentum between p and p + dp,_'
Cx ="";p/W.,, and W isﬁoneuhalf the muon rest mass. The parameter‘p is
i a function of the interaction coupling constants and in

Michel's theory, may have values between 0 and 1. Experimentalv \

h'examinatlon of the electron spectrum can then determine but the |

Asingle parameter p.

The right side of Eq 2 must be modified before it is compared

Ifwith experimentf _The negative mesons are not at rest when they de-

| ‘-eey, From a study of stars made by stopped pions and muons,14 we

.14 ¢, p. sargent, Thesis, Columbia University (1953)

have esteb}ished that'35 £ 15 percent of the muons decay from the
Khshell of mesic oxygen, nitrogen or carbon which constitute.a

. 0.4 percent impurity in the gas. The remainder decay from the

K shell of mesic hydrogen.ibThe'large fraction decaying from the

" impurity erises‘frbm'the long lifetime of mesic hydrogen and the
llarge cross section for collisions in ﬁhich the'muon is transferred

to the impurity.:'Porter‘and Primakoff15 have calculated the expected

13 porter and Primakoff, Phys Rev , 83, 849 (1951)

spectrum shape'fer a meson decaying from a 1ls orbit about a nucleus
of chargeez{ | |

'Their resuit,: P'(x) for Z < 10, is eéSentially represented by

':jhsmearing P(x) with a bell—shaped resolution function'Rl(o,x) which

'-h has a width at half max1mum o = a(Z/Z) x, @ = 1/137. Thus

. P (x) = f R, (o, x-y) P(y) dy (3

Q?QU | OQT | page six
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Actually, the equations of reference 15 were used to compute P'(x).

The second modification is the experimental resolution function
»Rz(x) (Appendix I). Thus
_ - )

P''(x) = [ R,(x-y) P'(y)dy (4)
_ o :
This is much more impqrtant than Rl" P''(x) is plotted in Fig. 4
for p = 0, 1/4, 1/2, 3/4 and 1 along with the experimental points.

If is>necessary to see whether the data is adequately represen-
ted by a curve with some value of p and, if such is the case, to de-
fine a measure of the reliability of the empirically determined p.
Assuming the data_to represent an unbiased sampling of the p-electron
decay spectrum, there remain five sources of error fo consider in
comparing theory with experiment.

i) The uncertaint& in the vertical position of the
points in Fig; 2 which result from the finite number of events ob-
served in a given momentumvinterval.

ii) The uncertainty in the horizontal position of the
points which results frqm.conversion of radius of curvatufe meaéured
in reprqjectiontto electron momentum.v The conversion goes via a
'momentum scaie.factorvaenotéd by H. The uncertainty AH in H arises
from arlack of precise knowledge of the magnetié field and from im-
perfect reprojection. Sihce the fieid is knoWn to 1.0 percent and
the fidugiary mqu spaciqg is réproduced in reprojection to 0.5 per-.
cent,_AH/H = .011. _'

iii) The uncertainty, both vertical and horizohtal in

the'position of the points which result from a lack of knowledge of

page seéven
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W= pu/2. We take p = 207.0 £ 1.0 and AW/W = 0.005. The analysis
assumes thaf two zero rest mass neutrinos are emitted in the decay.
iv) The uncertainty ih the position of the curves

which result from 1ack of,précise knowledge of the half-width R
and the shape S of the momentum resolution function. We find.
| AR/R ~ 0.35 for the data of Fig. 2. In order to minimize this ef-
fect, we have also computed p from the better resolution data of
Fig} 3. In this way, statistics are traded for resolution in»order
to:uncover an& possible large systematic effects which could‘arise
:from.finite resolution. |

The simplest method of obtaining the shape parameter, p, from

6

the data is by the method of moments.1 This method, although

16 mhe it noment is g, =

O0—28

xi P(x) dx

'statistically.ﬁot efficient, gives the prﬁpagation of vériousberrors
quite Simply.

Tablé I summarizes the‘results of'various‘estimates‘based‘on
momenté, Only the major uncertainties are displayed here.

Ianable I ApH is the contribution to the uncertainty Lp due
to the horizontal scale erroi AH. Op, is the statistical standard
. aéviation. The split moment is designed to uncover a éystematic
errér.in the scale‘H. |

| To'usevthe data more efficiently, a least squares analysis

has been»performed in order to determine p and to test the théofét-»

ical shape»with the best value of p determined. To do this, the sum

' 2
[Nops i) = Nyscne1(ps %301
i Nops (%37

0390 009
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has been evaluated for each of the five curves of'Fig. 4., The re-
sults are plotted for the poor resolution data in Fig. 5. The curve
is fitted by a parabola and the minimum thus determined. The result

is:
p =0.64 t .09 (Standard deviation)

The varidus confidence levels are indicated on the graph.

The minimum value ofj&?[=M(p = ,64)] is 18 for 18 intervals
and one parameter. This agrees well with the statistically expec-
ted average chi square which is 16.

Fihally it is necessary to investigate the sensitivity of p to
the uncertainties AH, AW, AR, AS, and AF. This is accomplished by
varying the indicated parameters by given amounts, which changes
the position of either the points or the curves of Fig. 4, and
then recalculating p.

The results are:

bpy =|+ 3.5 pH/HI = 3.5 x .011 = .039
ppy =l-2.8aw/wl=2.8x .005=.014
App = 4.4 x 1072 AR/R = .044 x .35 = .015

If S is Gaussian p is chénged by less thén 0.005; if F = 1 (all
mesons decay from oxygen) p is changed by less than 0.01. The sensi~
tivity of p to improvement of the resolution is indicated in Table I
and in a comparison 6f Fig.lz and Q.Y The results show théf the reso-
lution curve of Fig. I contéiné an undetected 'tail' which probably

accounts for the events between 65Tand 80 MeV}7 The origin of this

17

5 | ¥ -
16 |, (ol6y* , o

The possibility of competing events e.g. p + O

page nine
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contributing to this tail has been ruled out by a recent experif

ment‘of Steinberger, Wolfe and Lokanathan, private communication.

’tail probably arises from_track distortions, not obServedvin zZero
field SfudieS'ﬁhich are carried out on flat tracks. ‘The reéﬁits of
Table 1 indicate that no large error is introduced by the unknown
and possibly asymmetric tail in the resolution function.
Combining all uncertainties, we find
p=0.64 + .10 (Standard deviation)

D. DISCUSSION

_There has been disagreement between values of p obtained by
different experiments. Vilain and Williams have'examihed the de-
cay spectrum of positive_muons with an expansion cloud chamber and
have found p = 0.50 £ 0.12, a value which agrees both with the pres-
ent work on'neéative-muon decay and with the earlier photographic
emulsion measurements of the positive spectrum b& Bramsoﬁ, Havens
‘and Seifert. However Sagane obtains the result p = 0.23 % .03. |
The latter result has stimulated an exhaustive search for possible ,
systematic errors. For example, the same set of pictures has yiel-
ded a mass measurement for the #  meson which is about 1 perceht
below the best value.11 In addition, several IOng muon tracks‘were
used to obtain the muon mass by residual range in hydrogeh VS curva-
fure.‘ Also, wta-p+ decays atvrest were studied. 'Thesé.serve as an
independént and overall calibration of the'horizéntal scale to bet-
ter than 3 percent No other sburces of error have been discovered.
There. is of course the (remote) possibility that the spectra of

positive and negative muons are different. 18

18 W, Panofsky, at the Fifth Annual Rochester Conference, presented

0390 011 page ten
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results of K. Crowe at Stanford on positive muons which indi-

cate a value of p = .55 = .1.

Before the present results can be applied to a determination
of the beta decay coupling constants, they must be corrected for

radiative effects. The inner bremstrahlung contribution has been
19

computed by Lenard. Non radiative corrections of the same order
19 A. Lenard, Phys. Rev. 90, 968 (1953)
have recently been examined.20 We have estimated that these ef-

20 R. Finkelstein and R. Behrends, Phys. Rev. 97, 568 (1955)

fects would increase p by approximately .04. Thus the value of p
obtained from this experiment is 0.68% .11, where the error has

been increased to allow for the uncertainty in the radiative cor-

21

rections. Michel and Wightman have discussed the implications

2L L. Michel and A. Wightman, Phys. Rev. 93, 354 (1954)

of the knowledge of p on the beta decay coupling constants, assum-
ing the usual connections between Fermi interactions. The muon de-
cay specirum shape hay be used to givé some information as to the
importance of the pseudoscalaf component and‘as to tﬁe reiative

sign of the scalar and tensor interactions. This information is
beset by ambiguities 6f (1) the diStinguishability or indistinguish-
ability of the neutrinos in equation (1) and, (2)'the éorrespondence
of the fpur Fermi particles in nuclear beta decay (pnev) to those in

muon decay (vpeV, puvev etc.). The acceptable solutions are listed in

8
Table 2. The input data are: |g_/g,| = 0.85 £ .13, o = —2 5 -
29 p 't log 2
1.22 £ .05, p = 0.6% + .11. "
U390 012

page eleven




R-101

22 J. B. Gerhart, Phys. Rev. 95, 288 (1954); O. Kofoed-Hansen

and A. Winther, Phys. Rev. 86, 428 (1952) and 0. Kofoed-Han-

sen, private communication.

f

The authors wish to thank Df. L. Michel, 0. Kofoed-Hansen

and J. Steinbérger for helpful conversations on this problem.
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APPENDIX

A. Angle Measurements

The bottom of the diffusion chamber contains a black glass
disc upon which 1s scribed a grid of fiduciary lines. In measure-
ment the image of the grid 1is projected onto a rear surface |
screen at unity magnification. It is genefally possible to repro-
duce all fiduéiary dimensions to one part in two hundred.

The camera lens axes are 10 inches apart and intersect the
black glass normall&. The lenses are 133.5 cm above the glass.
Therthree—dimensiOnal_information required for analytical recon-
.struction of events in space is knowledge of the height z of points
on a track above the black glass. Let View A be the reprojection
of the picture taken by the camera whose lens axis intersects the
black glass at A, with a corresponding definition of View B. Let
the displacement in View A of a point on a track from a line DE,
perpendicular to AB, be dAcm, and that in View B be dg- ,Then the
height z in cm above the black glass of the point on the track is
related to d=dA—dB by: z=131.0 dﬂ?5.40+d).‘ 131.0 appears in the
numerator instead of 133.5 as a reSult of the effect introduced:
by the 2.5 inch thick top glass of the chamber. The dip angle of
a track is.the angle between fhe tangeht to the frack and a hori-
zontal plane. zq and zz_are the heights above the black glass of
two points 1 and 2 on a track and s is the projected arc length be -
tween 1 and 2 as measured in, séy, View A, ‘Az=zz—zl. Then approxi-
mately, ; ,

tan a=(8a/§)[1+(z,+2,)/2x131.0)KAz " /s) (b/131.0) ]

page thirteen 4390 014
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'where b cm is the distahce, meésured in the direction tangent to
the track from A to the point on the track halfway between 1 and
x 2. b is positive if.the track is going up as one proceeds along
it awey from Aﬂ If one.used View B, s and b would in general be
different, but the resulting tan a should be the same. The firstl
correction term is a magnlfication correction on s, reflecting

the fact that when the reprojection magnification is adjusted to
be correct'for distances on the black glass projected distances

“between points above the glass appear too large. The second cor-

rection term is the conical reprojectlon correction to first order

in tan «/131.0. The above expression for tan a is adequate for

this experiment. Az may ordinarily be measured to 0.15 cm.

i

B. MOMENTUM MEASUREMENTS

"A singly charged particle with momentum p and dip ahgle a
moving in a uniform vertical magnetic field of H kilogauss tra-
verses a right circular helix characterized by pitch angle a and

p radius. P in Mev/c is related to p and @ by p = 0.3 Hp/cos a,

where p is measured in cm. Ordinarily in.this work 5 cm <p< 60 cm

and p!, apparent p, is satisfactorily measured by fitting a ruled
circular template to the reprojected track. p and p' are related
by

p = p'[1- z 2b_tan a 4 (3b2 + 1/2 a“) tanz d/(131)2]

The symbols have the same meaning and the corrections the same

ofigin as in the expression fop‘tan a. p' has reference to the

C

10390 015
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radius of curvature of the reprojected track at a single point

and z is the height of that point above the black glass. tal

is the distance to the appropriate fiduciary mark measured per-
pendicular to the track. In the measurement of the L decay spec-—

- trum the median correction of p»cbrresponding to the last term was
0.2 pefcent. The equation'is correct through terms of the second
order of cloud chamber dimensions modulated by tan a and divided
by 131 cm. The use of a finite length of track to measure p im-
plies an additional correction of first order in [tan ¢ ]| , a cor-
rection which becomes ihcreaéingly important as pibecomes smaller.
For p sufficiently small it makes the template method of measure-
. ment inappropriate. | A

Thevmulfiple scattering uncertainéy may be calculated. The
possible magnitude of photographic and reprojection distortion
effects has been checked by photographing ruled templates and
" has been found to be determined essentially only by the fidelity
with'whiéh one can feproduce in reprojection the correct felative
position of the fiduciary marks. With moderate care the uncer-
tainty in momentum due to this effect is a small fraction of é
percent.

On occasion the magnetic fiesld was reduced to 120 gauss and
the absorber extern#l to thé'chamber was removed. Most of the
particles then photogfaphe&7W6ﬁid be mesons wifh a m@st probable
energy ofﬁabout 65 Mev; @rlmqﬁénfhm"of;about 150 Mev/c. SOﬁe

mesons with decidedly lower momentum and occasional protons and’

page fifteen
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electrons would also be present. The small residual field serves
to. identify low momentum tracks whose multiple scattering would
otherwise be interpreted as distortion.

The results of this series of photographs lead to the con-
clusion that for long, flat tracks the turbulence induced radii

of curvature are probably greater than 100 meters.

C. MOMENTUM-RESOLUTION OF THE p DECAY SPECTRUM

The visiblevlength of most of the decay electron traéks'iS’«
less than 15 cm. For such short tracks the measurement error in
thé radius of curvature p is larger than 1 perceﬁt and it makes
the.major contribution to the total uncertainty of the momentum
measurement. Iﬁ order'to assign a standard error to each momen-
tum measureme;t an estimate of the measurement error was made for
-eéch event.

The resolution function Rz(p,p') represents the probability
per unit momentum inteival.of observing electrons with momentum
p' if the actual momentum of all electrons is p. If Q(&) repre-
sents the probability distribution function of standard‘momentum

errors for all events with momenta roughly equal to p, then an

estimate of R(p,p') 15:
. . _ o )
Ry(p,p') = 1/27 [ Q(o)e (p-p')~/20"
o

Rz(p,p') was found for p = 20, and 50 Mev/c using events with mo-
menta between 15 and 25, 45 and 55 Mev/c respectively to find
Q(o). The resolution functions for p = 20 and 50 Mev/c are shown

on Fig. 2 for all events and on Fig. 3 for the more restricted data.

page sixteen
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For the 2 values of p the shapes of R(p,p') are very closely
identical and the half-widths are nearly proportional to p, The
uncertainty in the vaiue of the resolutién width is quite large
(perhaps of the order of 35 percent) because of the arbitrary
nature of the assignment of staindard measurement errors to the

individual events.

page seventeen
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FIGURE

'

FIGURE CAPTIONS

i

|

Diffusion Cloud Chamber photograph of the
decay of a negative muon.

Spectrum of electrons from muon decay. A total
of 415 events were used. The 'poor' resolution
curves are given above the spectrum at 20 and

950 Mev.

Spectrum of electrons using 'good' resolutinn.
This spectrum includes 282 events which survive
the more restrictive criteria designed to yield
longer, flatter tracks.

Theoretical spectra for muon decay. The Michel
curves for p = 0, .25, .50, .75 and 1.00 are
folded with the experimental resolution of Fig. 2.
The poor resolution experimental points are also
shown.

Chi-square minimum method of estimated p from the
data of Fig. 2. The probability that chi-square
exceeds the value given by the ordinate is also
indicated (from Cramer, Mathematical Methods of
Statistics, Princeton, 1951). Momentum intervals
with statistics of fewer than 10 events were pooled
to obtain a total of 18 intervals.. The number of
degrees of freedom for the normalized distribution
with one parameter is 16.
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1st Moment

Al

TABLE 1

Determination of p by Moments

Good Resolufiona

Poor Resolution

-an Moment

b

Good Resolution

Poor Resolution

Split First Moment

o=

.75 =

X

X

<

p3

.75

>}

a)

b)

p Dpy
.67 : +.05
.60

.68 +.06
.64

.72 ‘ -.03
.69 +.02

282 events; see Fig. 3
415 events; see Fig. 2

Ap

.11

.09

.11
.09

.19
.18
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TABLE 1I%

Beta Interaction Coupling Constants®

Identical " ' Distinguishable

Neutrinos - Neutrinos
Correspondence: pnev—uey pnev—puvev’ pnev-wpev pnev—uvev
g,/8¢ +.5 .5 +.5 £ .5 +4.5%.5 +4.5+.5
gs/gt negative positive positive " negative

a) See Ref. 19 for notation.
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