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106 3 Leptonic weak interactions

p = 0.7518 = 0.0026 (3.68)

The quantity n, which should be zero according to the V- A law, was
measured by stopping 7* and w* in a bubble chamber in a strong mag-
netic field. Over 400,000 exposures were taken, including 2,070,000 p+
decays. Momentum measurements calibrated with internal conversion
e~ tracks of known momentum from a radioactive source inside the
bubble chamber yielded (Derenzo 69):

n=-0.12 = 0.21 (3.69)

3.4.4 Asymmetry in the decay of polarized muons

The parameter ¢ should take the value —1 according to the
V-A law, and experimental measurement of ¢ is important because ob-
servation of departure of ¢ from —1 would signify the existence of
right-handed (V + A) currents, as expected in left—right symmetric
models (see Section 2.12). The experimental problem is very difficult
because one actually observes the product P¢, where P is the polariza-

Figure 3.7. Results of experiments to determine p. Experimental
points are plotted, together with a theoretical curve for p = 4 cor-
rected for radiative effects and ionization loss. (From Bardon et al.
65. Reprinted with permission.)
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3.4 Experimental det.

tion of the muons. This quanti
because of miscellaneous muc
which can easily be accounte
grated asymmetry a = £/3 w:
stopping in photoemulsion in :
the muon spin. The result (Gt
&= -0.972 = 0.013

was found, in accord with the
cient to constrain left—right sy
tion 2.12). In a measuremen
stopped in the magnetic field
which is used for both moment
eters § and P are determined t
to experimental results. The b
berger 68) and others is

8 = 0.7551 + 0.0085

345 Summary
Table 3.2 presents the
them with predictions of the V

Table 3.2. Properties

Parameter

Muon mass m,

m, /m,

v, mass m,,

Maximum electron ener
in muon decay assum
Mmye =m,, =0

Muon mean life

Michel parameters

P
n
3
8
h(e~

(e7)

* At 90% confidence lir
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21.3, we see that the angular n

YEAR ‘;o be forbidden, but 8= 1 is ¢
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Fig. 21.2.  Experimental determination of the Michel of ¢ hastobe 1-cos8; I

parameter p versus time,

It is instructive to plot the experimental value of p against
the year when the measurement was made. As shown in Figure 21.2,
historically it began with p= 0 and then slowly drifted upwards;
only after the theoretical prediction in 1957 did it gradually become
p=%2. Yet, it is remarkable that ‘at no time did the "new" experi-

mental value lie outside the error bars of the preceding one.

(i) When x =1, the distribution (21.8) becomes

d? Ne ‘ ’
———— = 1 ¥ cos© . Y
dx d cos ©

As we shall see, this expression can be derived without any actuc! F 9 v

<1

computation, In the rest system of the muon, the momentum of ¢ ,

p_, has its maximum magnitude at x = 1. The neutrino and onti-
P, s um magni FORBIDDEN
neutrino momenta P, and Py must therefore be parallel to eac 2

other, but antiparallel to Ee . Because v is lefthanded and N V;'g.'21.3. The curled arrows ir

righthanded, when these two particles are moving in the same in y~ decay.




which do not require production of v,, can still set a limit
on the mixing angle ¢. :
- Hadronic weak processes set limits on right-handed
currents independently of vz masses. In a class of
models, called “manifestly” L-R symmetric, the left-
handed and right-handed Kobayashi-Maskawa quark
mixing angles are assumed to be identical, and CP invari-
ance is assumed to hold. In these models the K; -Ks mass
difference requires m(W,)>1.6 TeV (Ref. 6), and
current-algebra analysis of AS =1 decays yields £ <0.004,
m(W3;)>300 GeV for {=0, (Ref. 7). If left-handed and
right-handed mixing angles are not identical hadronic
processes are consistent with m (W,) > 300 GeV (Ref. 8).
Another strong limit § <0.005 has been obtained in a
model-dependent analysis of semileptonic weak processes,
again assuming manifest L-R symmetry.’

Figure 1 exhibits contours corresponding to 90% confi-

W, e,V DY & ’
& TTRER vy Govied coF
460 400 30 250 20 200
. 1 1T H R | |
7 \ o |

005

: % ~ W) mixing angle

-
&
&

L \ .-"..
o
l X\ ]

0 0.05 0.1 0.15
€= M2 (W,) / MAW,)

FIG. 1. Experimental 90% confidence limits on the mass-
[uared ratio € and mixing angle ¢ for the gauge bosons W, and
73. The allowed regions are those which include €= §=0. The
)ld ellipse is the combined result from the analysis presented in
is paper and from our #SR analysis (Refs. 11 and 12). The
urces of the other limits are described in the text.

dence limits'® on € and ¢ from experiments in B decay, u
decay, and vN, VN scattering. The allowed regions con-
tain the origin €={=0, which is the ¥ — 4 limit. Mani-

fest L-R symmetry has been assumed. The contours from

4- and B-decay experiments have been plotted with the as-
sumption that the right-handed neutrinos are sufficiently
light not to affect the kinematics. The bold ellipse in Fig.

" 1 is the combined result from the analysis of the muon-

decay spectrum end point opposite the pt spin, presented

-in this paper, and from our uSR analysis.!"!2 The other

muon-decay contours are derived from the measurement'3
of the polarization parameter &P, (dotted curve) and the
Michel parameter'* p (solid curve). Nuclear B-decay con-
tours are derived from the Gamow-Teller 8 polarization'®
(dot-dashed curve); the comparison of Gamow-Teller and
Fermi B polarizations'® (long-dashed curves); and the *Ne
asymmetry 4(0) and ft ratio,'” with the assumption of
conserved vector current (short-dashed curves). The lim-
its from the y distributions'® in vN,7N scattering (double

lines) are valid irrespective of vz mass.
Section II of this paper discusses the properties of the

muon-decay spectrum and their application to the data
analysis. The beamline and experimental apparatus are
discussed in Sec. III. Event reconstruction and: selection
are considered in Sec. IV. Data analysis and data fitting
results are presented in Sec. V, and systematic errors are
discussed in Sec. VI. The conclusions from the experi-
mental result are drawn in Sec. VII.

II. MUON-DECAY SPECTRUM

The muon differential decay rate for an interaction
mediated by a heavy vector boson W differs from the de-
cay rate computed with the corresponding four-fermion
contact interaction Hamiltonian by terms! of order
(m,/My)®. These terms are ~10= for My ~80

GeV/c? and are negligible at the present level of experi-. .

mental precision. Consequently we will use the expression
for the muon-decay spectrum computed for a four-
fermion contact interaction. We will also assume that
neutrinos are sufficiently light not to affect the kinemat-

ics. We will return to the question of massive neutrinos in

Sec. VIIG. C
Without radiative corrections, the muon differential de-

. cay rate,”” integrated over e * spin directions, is given by

dr

x%dx d(cos8) [(3‘2")+(%p—1)<4x_3)

m, x—1
+12m” x 17] v

—[(2x —1)+(38—1)(4x —3)J£P, cosh .
2.1)

‘Here x is the reduced energy E,/E,,., where

Epax=(m.2+m,?)/(2m,)=52.83 MeV is the maximum
energy and m, and m, are the particle masses. The ef-
fects of finite positron mass are neglected in the above
formula but not in the analysis. The angle between the
positron momentum and the muon polarization vector

260

per decay

d (events)/dxd cos 8
o
..

FIG. 2. ]
trum plotted
between the
of radiative ¢
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