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1. Introduction

The standard model [1, 2, 3] introduces the V — A form of the charged leptonic
weak interaction by construction. It has been shown recently that V — A follows
from a small set of experiments [4]. We will present the corresponding methods
and discuss the room left open by the experimental errors for interactions other
than V — A. For muons, all of these experiments have been performed.

The most general, derivative-free, lepton-number conserving four-fermion in-
teraction [5] contains ten complex coupling constants which represent nineteen free
parameters to be determined by experiment. Based on fields with definite chirali-
ties and using the freedom of the Fierz transformations, a set of coupling constants
may be chosen such that the V — A interaction corresponds to one single constant
only [6, 7]. The experimental proof of V — A then consists in the construction
of measurable quantities which evaluate the remaining eighteen constants to be
zero [4]. To achieve this, use is made of the general fact (pointed out in Ref. [8])
that a null-result for a sum of positive semi-definite terms requires each term to
be zero.

For the muon decay interaction, the ten complex planes of Fig. 2.2 represent a
lower limit for V — A and upper limits for the nine remaining couplings.

If lepton-number conservation is not assumed, other decays like 4 — ey become
possible, which open windows to new physics. Experiments looking for such forbid-
den decays have been driven to a level of 10712 for the muon and 10~ for the tau
(see reviews [9] and [10], respectively). The lepton-number non-conserving four-
fermion interaction has been studied in detail [11, 12]. The authors of Ref. [12]
arrive at the interesting result that it is not possible, even in principle, to test
lepton-number conservation in muon decay if the final neutrinos are massless and
are not observed.

In this review we wish to present ezamples of typical thoughts which inspired
experiments and their analysis and which led to the present knowledge of the
Lorentz structure of the charged leptonic weak interaction.

Since there exist complete reviews on experimental results [13], on the future
of muon physics in general [14], with emphasis on rare and forbidden processes [9],
on theoretical [15, 16, 17] and historical [18] aspects, we allow ourselves to be
complementary rather than to aim at completeness.

2. Muon Decay

2.1. Hamiltonian

The three leptonic decays p* — v,etv,, 7+ — v pty, and 7+ — v,ety,, as
well as their charge conjugate decays, can be described by the most general, local,
derivative-free and lepton-number conserving four-fermion point interaction Ha-
miltonian. The point interaction permits one to use equivalent Hamiltonians which



differ in the way the fermions are grouped together [5, 19]. The older literatt.lre
preferred a ”charge retention” form with parity-odd and parity-even terms in whxc.h
e* and p* as the usually detected particles were grouped together [20, 15]. This
had the advantage that limits to some single coupling constants could be obtained
from then existing experimental results. The disadvantage was that this (charge
retention) Hamiltonian represented interactions proceeding via the exchange of a
neutral boson X which would carry the lepton numbers both of muon and electron
and would thus not be universal. The use of a ”charge changing” form, where the
charged leptons are grouped with their neutrino and which is adapted to a charged
boson exchange, resulted in absolute values of differences of coupling constants.
Both forms mentioned above are in addition complicated by the fact that a fully
parity-violating interaction like e.g. the V — A interaction is represented by four
coupling constants Cy, Cy,, C4 and C.

In the following we will use a charge-changing Hamiltonian characterized by
fields of definite handedness [6, 7]. The matrix element for y decay may be denoted
as [4, 21]

G - -
M=4 7—% 2 9o <€ [D|(we)n >< (Vu)mITaletw > . (2.1)

¥=S,V,T
¢,u=R,L
Here GF is the Fermi coupling constant, while v labels the type of interaction:
I'S, TV, I'T (4-scalar, 4-vector, 4-tensor). The indices £ and y indicate the chirality
(left- or right-handed) of the spinors of the charged leptons, ¢ = electron, 4 =
muon. The chiralities n and m of the v, and the 7, spinors, respectively, are
uniquely determined for given 7, ¢ and p. In this picture, the coupling constants g7,
have a simple physical interpretation: n,|g2,|? is equal to the (relative) probability
for a y-handed muon to decay into an e-handed electron by the interaction I'; the
factors ng = 1/4, ny = 1 and ny = 3 take care of the proper normalization. The
standard model thus corresponds to g}; =1, all other couplings being zero.

For leptonic 7 decays, u should be substituted by 7 and e by g or e.

2.2. Observables
2.2.1. Electron Decay Distribution

In the following we give the distribution of electrons from polarized muons
including the effects of the electron mass; the generalization to leptonic 7 decays
is obvious. We consider the decay u* — 7,e*v, and its charge conjugate p~ —
vye V.. In the case of double signs the upper sign refers to u*, the lower to
g~ decay. The kinematical range of the electron energy E. is given by

m2 + m?

m=E W, =—-+£t— . (2.2)

2m,



With the standard reduced energy variable z = E,/ W, this leads to

Zg < T = 1 ' (23)
with o = m./W,.. We note that z, is small for muon decay (zo = 9.67 x 1073)
and for the electronic 7 decay (zo = 0.29 x 10~3), but it is not small for the muonic
7 decay zo = 59.2 x 1073),

The differential decay probability for an e* with reduced energy between z
and z + dz, emitted at an angle between ¥ and ¥ + d¥ with respect to the muon’s
polarization {,, and having its spin pointing into the direction of the arbitrary
unit vector { (see Fig. 2.1) is given by

darr 1 [ 5 - A
dzdcos? Zm“W:"G% z? — z3(Fis(z) & pucosd - Fas(z)) 1+ g - ) (24)
where we have used p, = [@,|, and where @, is the polarization vector of the e*:
. = Pr,-T+Pr-y+P-%. (2.5)

:A
Fig. 2.1 Kinematic va-
riables for the decay
p — evv in the muon

rest system.

\>

F=gxz . (2.6)

Here E, is the momentum vector of the electron, while P, designates the longitudi-
nal polarization, Py, the transverse component of &, lying in the plane defined by
k. and g&,, and Pr, the component perpendicular to that plane. Pr, # 0 signals
violation of time reversal symmetry. These polarization components are

pusind - Fr,(z)

PT1 (2,‘, 19) = FIS(‘T) + PpCOS‘ﬂ . FAs(.’B) (2.7)

3 pusind - Fr,(z)
Pry(z,9) = Fis(z) £ pucosd - Fys(z) 8

_ xFip(z) + pucos? - Fyp(x)
PL(z’ I’) - Fls(.’l:) + p,,cosz? . FAS(.‘B) (2.9)




The functions F,(z) shall be decomposed as
F(z) = F/™(z)+G.(2), (2.10)

where G,(z) = 0 for gf; = 1 (”V — A”). Physics beyond the standard model
would thus be contained ezclusively in the G,(z). The index v stands for IS
(isotropic part of energy spectrum), AS (anisotropic part of energy spectrum), T
(transverse polarization Pr, ), T, (transverse polarization Pr, ), I P (isotropic part of
longitudinal polarization) and AP (anisotropic part of longitudinal polarization).
The FY~4 do not depend on specific decay parameters:

Fis4(z) = 3{-22%43z— 1%} (2.11)
Fis4(z) = 3(=® -5 {2z -2+ (1 - )%} (2.12)
FE4(z) = —11-2)z (2.13)
Fi%@z) = 0 (2.14)
FigA(z) = 32—z {-2z+2+ (1 - 22)V?) (2.15)
Fipi(z) = 22—z —af} (2.16)

The functions G,(z) depend on the decay parameters (p,£”, ¢, ¢, 6,1,7", o /A,
B'[/A), where n = (a — 28)/A and 7" = (3a + 28)/A:

Gis(z) = 3{2(e-2)(42* -3z — z2) + 9n(1 - z)zo} (2.17)

Gas(z) = 3(=*— )36 -1)(1-1=z)

+2(¢6 — 2)(4z — 4 4+ (1 — £2)V/?)} (2.18)
Gn(z) = %{-20(¢"~1)+12(e - (1 - 2)z0 - 3n(a? — 22)

+n"(—32* + 4z — :cg)} (2.19)
Cn(s) = M- )35~ 2) +25(1 - a2y (2:20)

Gip(z) = F(=* —2g)V*{(¢ - 1)(—2z + 2+ (1 — 23)Y?)
+4£(6 — 2)(4z — 4 + (1 — 22)V/?)} (2.21)



Gar(z) = (" —1)(22% — 2 —23) + 4(0 — 2)(42® — 3z — z})
+27"(1 — z)zo} (2.22)

Table 2.1 gives an overview on the influence of the decay parameters to the various
observables.

Table 2.1 Dependence of the functions G, on the various decay parameters. The G,
describe the effects of non-V — A contributions to the observables of the electron. Full
dependence of a G, to a decay parameter is expressed by an ”x”, restricted dependence
by an ”(x)”. Restricted dependence means proportionality to zg = m./W,. =~ 1072,

|Observa.ble v | o |E|E€[E16] n |0 |d/A]|B/A
Isotropic part spectrum | IS | x (x)

Anisotropic part of AS x| x
spectrum
Transverse electron T | (x)] (%) x| x

polarization Pr,

Transverse electron
polarization Pr, T, X X
(T-violating)

Isotropic part of
longitudinal 1P X|x|x
polarization Pp,

Anisotropic part of
longitudinal AP| x | x (x)
polarization Pr

2.2.2. Electron Neutrino Energy Distribution

It has recently been realized that present experiments which detect the v,
from the decay of unpolarized u* by the reaction ?C(v.,e~)!2N(g.s.) not only
determine the neutrino absorption cross section but also measure the v, energy
spectrum [22]. The energy spectrum can be described by spectrum shape para-
meters wy and 5y, for left-handed and wg and g for right-handed v.. In contrast
to the energy spectrum of the electrons it allows a new null-test of the standard
model [22] (see Sect. 2.4.6). The right-handed v, cannot be detected as they are
sterile in matter. For the energy spectrum of the left-handed v, one obtains [23]

dry _ mGr

dy 1678 ve . {Fi(y) + wr - Fa(y) + nezoFa(y)} (2.23)



Here dT'1/dy is the probability of a left-handed v, to be emitted with the reduced
energy y = 2E,/m,. The probability QY of the v, to be left-handed, the spectral
shape parameter wy, and the low energy parameter 7, are [23]

Qe = Ygfil? +LleBal® + lo¥il® + lotrl + 3lgRel”
= 1(1+p.) (2.24)
3 {\9%al? + 4lo¥RI? + lof + 20Fc1?} (225)
wry = - e .
L= 305 + l95al? + 4lglLl? + 4loYrl? + 12107 *)
Re{gY195% + 9¥r(ghL + 69%1)
N { } (2.26)

2 S
{l98.12 + |98RI1? + 4l9YL 12 + 4lgYRI? + 12l9R. P}’

where gp,, denotes the longitudinal polarization of the v.. The functions Fj(y),
F;(y) and F3(y) are given by

_ A=z —y)%?
F(y) = 1—y (2.27)
A = B o) -sasd) )
_ (-z-y)y
B = —qg (2.29)

The corresponding quantities dI'r/dy, QF, wr and ng for the energy spectrum
of the right-handed v, may be obtained from Eqs. 2.23-2.26 simply by the sub-
stitutions R & L for every chirality index and by p,, — —gpj5,. The size of w;
and n; (k = R, L) is constrained by the fact that gf; ~ 1, and g7, ~ 0 for all

other interactions. One therefore finds wy, % 0 and 7L = 0, but 0 £ wp<1and
—1 = g £ 1. The term with nLZoF3(y) can be neglected because both n; and
the factor zo & 10~2 are small. Thus the energy spectrum of left-handed v, which
can be detected by absorption on 12C is described effectively by two observables,
namely Q7 = 1 — Q% which is a measure of the total rate and therefore of the v,
polarization, and wy, which describes the shape of the spectrum. The probability
Qf can be determined from the total absorption rate, if the absolute absorption
cross section o4 is known with sufficient precision.

2.2.3. Inverse Muon Decay

The reaction v,e~ — p~v,, usually called inverse muon decay, shall be go-
verned by the same Hamiltonian as (normal) muon decay. Its measurement will,
in contrast to normal muon decay, allow to separate g5, from gY; and thus to



complete the experimental proof of V — A.

The normalized total cross section S is obtained by integrating over the elec-
tron energy and the energy spectrum of the incoming v, and by dividing by the
theoretical value for a pure V — A interaction [24]. S has been calculated for the

general decay interaction [25, 7]. In terms of our coupling constants it is given
by [26]

S = %(1 + py‘,) . SR + %(1 - pu,.) * SL1 (2’30)

where g, is the longitudinal polarization of the incoming »,. The quantities S
and Sy, are the normalized cross sections for right- respectively left-handed v,,:

{4
Sr = Floisl + lokal” + 3I9Lal" + Flofe — PoRul +$loRel®  (231)
S = §loral’ + 19l + 3lokel + §l02n — F9Lrl” + 3l6Zal"  (2:32)

We will see that the longitudinal polarization p,, of the v, from 7t decay is
close to —1 within 3.2x 10~3 [27, 28] so that the couplings in Sg cannot contribute
to S. We will further see that normal muon decay places stringent limits on all the
couplings in Sy, except on gf;. Therefore S just measures |g);|?. This has made
it possible to derive a lower limit for |g};| for the first time and thus to establish
V — A as the dominant interaction in muon decay [4].

2.2.4. Radiative Muon Decays

Radiative muon decay, p* — 7,e*v.y, is treated in detail in Ref. [29]. The
electron and gamma spectra depend on the decay parameters g and é as well as
on the two new combinations 77 and ¢ - & [30]:

i = 2(a+2)=3(7-120-¢") (2.33)
-k = Z(d'+2c) = —55(3¢ + 3¢’ — 8¢9) (2.34)

The parameter 7, in particular, is positive semidefinite and zero in the standard
model. It can be expressed by a sum of absolute squares of combinations of
coupling constants:

7 = (lghel® + l9Lrl®) + 2(l90r + 291r1* + lopL + 2072 1%)
+2(l9zrl* + l9RL?) - (2.35)

This allows one to get upper limits for each term separately.

It is also worthwhile to mention the decay p* — 7,e*v.ete™ which has been
calculated recently in terms of the most general decay interaction (Eq. 2.1) [31].
The decay distribution depends on the probabilities Q,, and on the bilinear quan-
tities Bpr, = (a + a’)/(2A), BLr = (a — a’)/(2A) defined in Ref. [4].



2.38. Lorentz Structure

2.8.1. Decay Parameters

The nine parameters (g, £, &, &, 6, 1, 0", o'[A, pB'/A) describing the elec-
tron’s spectrum, decay asymmetry and polarization vector can be represented [20)
by the intermediate quantities (a, @', @, o', b, ¥/, B, B, c, ¢), whose values are
known from experiment [32]. They are all real, bilinear combinations of the cou-
pling constants:

a = 16(lghl® + l9¥al®) + lghe + 69Rel® + l9ZR + 69RI"  (2.36)
o = 16(lgkl® — IgVRl®) + e + 69Re|® — l9Zr + 69TRI"  (2.37)
« = 8Re{g¥i(sfn +697n) + oln(oh +69R1)} (2.38)
o = 8Im{g¥nlofs +69%i) — ghs(9ik +69iR)} (2-39)
b = 4(lgprl® + l91Ll) + l9Ral* + l9ZLl? (2.40)
¥ = 4(lgkal* - lorLl®) + |97al® — l9zLl? (2.41)
B = —4Re{gkrois + 91197k} | (242)
f = 4Im{ghnefs — a¥ioSn (2.43)
c = 3{lofr —20Rel? + |95 — 207RI"} (2.44)
¢ = 3{lofs — 20kl ~ 1R — 201RI*} (2.45)

From Egs. 2.36-2.45 it can be seen that these quantities are not completely
independent. The transformation from the 20-dimensional space of the g7, to the
10-dimensional space of the {a,...,c} leads to the following six constraints [32]:

a 2 0 (2.46) a? 2 a?’+a*+a” (2.49)
b 2 0 (2.47) ¥ 2 ¥4+ 87 (2.50)
c 20 (2.48) ¢ 2 (2.51)

These constraints are very important for any general analysis of muon decay, since
they strongly influence the final errors of the quantities they relate.



Table 2.2 Allowed ranges, V-A values and experimental results (in units of 10~3) for
the muon decay parameters. Upper and lower limits are given with 90% c.f.

Decay Mini- | Maxi- | V — A || Experimental | Ref. Comments
parameter | mum | mum L value || result [10~3]
0 0 1 3/4 751.8 £+ 2.6 33]
& /3 | 3 1 650 & 360 | [34]
¢ -3 3 1 1004.5 £ 8.6 | [35, 36]
o -3 3 1 1002.7+84 | |35 xt = utu,
P, € -3 3 1 1001.3 + 6.1 37 K* - uty,
¢6 1 1 3/4
) -00 00 3/4 7486+ 38| [28
¢ -1 1 1 H 998 +45 | [34
&6/o -1 1 1 > 996.8 36 p.£6/0
n -1 1 0 —7T+13| [32
n" -3 3 0 12+ 16 32
o[A # -1 1 0 —-0.2+43 32
BIA || -1/4 | 1/4 0 15+63] [32]
wr, 0 1 0 23, 38] | 2C(v., e~ )*N
SL H—O 1 1 1006 + 47 | [39, 40] | vue™ — u~v,
7| o 1 0 —30+100 | [29] | ut o vuetvy
Qrr 0 1 0 <2.0 4
QLr 0 1 0 <39 [4]
QL 0 1 0 H <450 [4]
Qrr 0 1 1|l >9490| [4
% 0 1 0 | <77
Q% 0 1 0 < 38.0
o 0 1 0 < 80.0
s 0 1 0 <80.0| [23]

The decay parameters are given by

= 1(3b+6¢ 2.52
e A(3 +6 ) ( ) {, = —%(a'+4b’+6¢') (256)
¢ = %(3(1 +4b—14c) (2.53)
n = 4(a—28) (2.57)
¢ = —4(3d' + 4 —14¢) (2.54) ) A
7" = (3a+2p) (2.58)
€6 = L(-30 +6¢) (2.55)

The parameters o’/A and 3'/A are determined directly. The allowed range, the

10



V — A predictions and the experimental results of the muon decay parameters,
which are not all independent, are given in Table 2.2.

2.8.2. Complete Determination of the Lorentz Structure

The precise measurement of individual decay parameters alone generally does
not give conclusive information about the decay interaction due to the many diffe-
rent couplings and the interference terms between them. An example is the famous
Michael parameter p. A precise measurement yielding the V-A value of 3/4 by
no means establishes the V-A interaction. In fact any interaction consisting of
an arbitrary combination of ¢¥1, gfr, 95, 95R, 9kr and gf; will yield exactly
¢ = 2 [41]. This can be seen if we write ¢ in the form [42]

o—3 =3 {Ig¥al + |ghs| + 2(gFal* + gRe|*) + Re(ofnglh + 9Re9RL)} -
(2.59)
For p = 2 and g]r = gk = 0 (no tensor interaction) we find 9Yr = ghr = 0, with
all the remaining six couplings being arbitrary !

The magnitude of the decay interaction is contained in the Fermi coupling
constant Gr. Thus the g7, may be normalized, dimensionless coupling constants,
resulting in

A=a+4b+6c=16 (2.60)

or equivalently,

lerrl? + lgazl? + ilgirl® + LlgiLl?
+ lgkal® + gkl + lgfrl® + gkl
+ 3lgEhLl>? + 3lglgl =1

(2.61)

By rearranging the terms in Eq. 2.61 according to the chiralities € and px of the
electron and the muon (¢, ¢ = R, L) it is possible to define the four quantities Q.,:

Qrr = 3l9rrl® + l9ral® (2.62)
Qrr = }l9irl® + lozrl* + 3lgirl® (2.63)
Qre = 3l9RLl + gkl + 3okl (2.64)
Qur = %Izl + lorLl (2.65)

We note that 0 = Q,, =1 and ey Qe = 1. Q. is then the probability for
the decay of a muon of handedness u into an electron of handedness €. The main
point is now that the Q., can be expressed by the known quantities {a,...,c'} [4]:

11



Qrr = 2(b+¥)/A (2.66)

Qir = [(a—ad')+6(c—)]/(24) (2.67)
Qre = [(a+ad)+6(c+c)]/(24) (2.68)
Qur = 2(b-V)/A (2.69)

The existing measurements show that the three quantities Qrr, Qzr and Qrr
are zero, within errors. This gives upper limits to the absolute values of eight of
the ten complex coupling constants g7,. Furthermore we find that Q. is bounded
by a lower limit which confirms that both muon and electron are left-handed.
It can be seen from Eq. 2.65, however, that the data from the measurements of
the 4 and the e do not allow one to distinguish vector (g);) from scalar (g5,)
interaction. This type of ambiguity has been noted before in the context of a
different Hamiltonian [8], and electron - neutrino correlation measurements (not
performed up to date) have been proposed. It has been shown that one can resolve
this ambiguity also with the information from inverse muon decay [4]. The total
rate S, normalized to the rate predicted by V — A, for the reaction v,+e~ — p~+v.
with v, of negative helicity has been found to be close to 1 [39, 40]. S depends
effectively only on those five coupling constants g}, gk;, 95r, 92g and gag Which
describe interactions with left-handed v,. The four latter ones are found to be
small. One thus obtains [4]

S = lgrl? (2.70)

which yields a lower limit for [g¥;|, and through the normalization requirement
Eq. 2.61 an upper limit for the remaining |g7, |:

lg3 ] <2vV1-=5 (2.71)

Thus the weak interaction has been completely determined for muon decay
using only data from this purely leptonic interaction. The results are shown
in Fig. 2.2 where each of the ten complex normalized coupling constants g,, =
g2,/ max(|g2,|) is given within one of the squares defined uniquely by the han-
dednesses of the electron and the muon and by the type of interaction. The outer
circles display the mathematical limits for the g"7, in the complex plane, while
the inner circles for nine of the g7, show the areas still allowed by experiments
(90% c.£.). For gi¥., which has been chosen to be real, one gets the small line close
to g7, = 1 in agreement with the standard model.

12



BiSPsul

B TIPS
BSPASTIS

o

Fig. 2.2 90% c.. limits for the reduced coupling constants g}, = g2,/ max(|g2,|) de-
scribing the decay u* — D, etv. (From Ref. [26]. Updated limits from [28, 40]). Each
coupling is uniquely determined by the handednesses € and y of the electron and the
muon, respectively, and by the type of interaction 4y = S, V or T. The maximal possible
values of the coupling constants are 2, 1 and 1/ V3fory=S8, V resp. T.
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2.3.3. Minimal Set of Measurements

It has been shown in the previous section that a limited amount of measure-
ments allows one to completely determine the Lorentz structure of the interaction.
This has been possible because the quantities Q,, are positive semidefinite forms
of the coupling constants g7, and because they can be expressed by experimen-
tal results. By summing over the first or over the second index one obtains the
probabilities Q% and Q% for the muon and for the electron, respectively, to be
right-handed [26]:

Qr = Lloarl* + ioirl® + l9krl® + l9Lrl* + 3l9%al?
=3 {1+1(8¢ —16¢5)} (2.72)

Qn = Lgfrl* +2loBsl® + l9krl® + l9%Ll? + 3lgELI?
= 10-¢) (2.73)

Thus Q% depends on the two asymmetry parameters ¢ and § which contain
the information of how much right-handed the muon can be, while Q% depends
exclusively on the average electron polarization £’.

One can also derive the probabilities Q% and Q7 for the 7, and v, to be right-
handed [23]. In this connection we note that we strictly keep apart the concepts
of chirality as a transformation property of the fermion spinors and of helicity as
the spin projection of a pure particle state onto the direction of motion. Thus for
V — A (¢¥; = 1) both 7, and v. are left-handed, but of opposite helicity. The
quantities Q% and Q7 can be obtained by remembering that scalar and tensor
interactions change the chirality of a fermion at the vertex while vector interactions
conserve it:

% = YgfiI* + girl + lokrl® + lgkl? + 3lgtrl*

11 - ps.) (2.74)
B = Yeiol? +3eRsl® + lgkal® + l9Lal® + 3lgRLl?

3+p) (2.75)

where p;, and p,, denote the longitudinal polarizations of the neutrinos. To
determine the interaction it is sufficient that three of the Q% are measured and
found to be zero, within errors. This amounts to measuring the polarization of
at least one of the neutrinos precisely, as has been proposed for p,, which can be
deduced from a measurement of the total rate of absorption of the v, on 2C (see
Sect. 2.2.2). An alternative to measuring the polarization of the neutrinos from
p decay is to induce inverse muon decay with v, from =+ decay [39, 40] whose
polarization is precisely known [27] (see Sect. 2.3.2). We conclude that only five of

14



nineteen possible measurements are necessary to completely determine the (V —A)

interaction:
(1) Muon lifetime which yields the magnitude
(2,3) Asymmetry parameters { and ¢ which yield the muon chirality
(4) Electron longitudinal polarization which yields the electron chirality, and

(5) Inverse muon decay with v, of known helicity or rate of absorption of v, from
muon decay.

2.4. Measurements

2.4.1. Lifetime

The total rate I' of muon decay exhibits the strength Gr which is generally
assumed to be universal for the charged weak interaction:

_ G&m}

19273

{4t — 85 fw - S, (2.76)

m
m,
where fw = 1+ 3(m,/mw)?, fr = 1 — &(x? — 2) and m./m, = 4.84 x 1073
The factor fiy represents the influence of the finite mass my of the intermediate
boson. The smallness of this term for muon (and for leptonic tau) decay justifies
the analysis based on the four-fermion point interaction of Eq. 2.1. The radiative
corrections are finite for the vector type interaction v = V' (See Ref. [15],[43]-[51]).
To first order, f, = 0.996, independent of the lepton masses. The parameter 5
influences the rate [52], the spectrum and the polarization of the electron. The
uncertainty in Gr derived from lepton decay is dominated by the uncertainty in

n. This fact is most often ignored, for muon as well as for tau decay. (See also
Sects. 2.4.2. and 3.2.)

Experimental difficulties in the measurement of the muon lifetime arise from
the different fluctuations of the physical processes which detect the moment of
the birth of the muon and of the occurrence of the decay electron. Special care is
needed because muon spin rotation and the range of electron energies (see e.g. [53])
tend to distort the time spectrum. The average muon mean life is

7, = (2197.03 £ 0.04) ns
which corresponds to
Gr = (11664.1 £ 0.2) x 107°(hc)’GeV 2,

where 1 = 0 has been assumed. The present uncertainty due to the term 4npm./m,
is 20 times larger. As seen from
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n=3Re {9} 15 + 9hngis + o¥n(ai +69%%) + g¥u(o5n + 69ir)} (2.77)
a right-handed scalar interaction (Re gfg # 0) would cause 5 5 0 in first order.
2.4.2. Electron Energy Spectrum

The continuous electron energy spectrum shows that the muon decays into
three light particles (at least). The electrons with high energies are most proba-
ble. This reflects the fact that the two unobserved neutral particles are emitted
preferentially in the same direction, and suggests that they are not identical fer-
mions [52]. The existence of the reaction (”inverse muon decay” [24, 39, 40))

v,e” — u~ + neutral
and of the chain [54]
pt — et +neutral(l) + neutral(2)
neutral(l)4+n — e +X

confirms that neutral(l) is v, and neutral(2) is 7,. The identity of the neutrinos
in muon decay with those in pion or in nuclear beta decay has been studied in
Refs. [12, 55].

The electron energy spectrum derived from Eq. 2.1 for the decay of unpolarized
muons (g, = 0) recorded by a spectrometer insensitive to electron polarization
(< ¢ >=0) is given by Eq. 2.4:

% ~ f2? — 72 {(—:z:2 + )+ 2p(42® — 3z — z3) + (1 - :z:)a:o} (2.78)

Radiative corrections are sizeable and have in addition to be included (See
Ref. [15],[43]-[51]). o is of influence at the upper end, 7 at the lower end of the
spectrum. Precise experimental determinations of 5 from the spectrum shape have
been difficult because the sensitivity to  is diminished by a factor of zo ~ 10~2
and because it is not entirely possible to suppress all unwanted bremsstrahlung
processes in the detector material which tend to populate the low energy region in
a way that cannot be precisely predicted.

7 has also been determined from the energy dependence of the transverse pola-
rization Pr, (see Eq. 2.19 and Sect. 2.4.5), where it occurs without the suppression
factor zo. The results are

7 = (-120£210) x 10~ [33] from spectrum measurement
(-11+ 85)x10~® [32] from Pr,
= ( =74 13)x 1072 [32] from global fit to all measurements

in agreement with n = 0.
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The knowledge of 5 is important for a precise determination not only of the
Fermi coupling constant but also of g. Given a measured spectrum with data in
a limited energy range (such as Fig. 2.3 [56]), the statistical accuracy depends
strongly on any prior knowledge of 7, as pointed out by Ref. [57] and as further

’0‘TlllT[l[ll,T]ll‘I‘I"'r
..

1 Fig. 2.3 Positron energy
1 spectrum of ut decay [56].

_ I 1 Solid line: Eq. 2.76 with
s T 1 o = 0.760, n = 0, and
‘zf_ - [ _ radiative corrections inclu-

ded.

- 1

L i
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discussed in Ref. [56]. The experimental difficulties include the precise knowledge
of the resolution function of the spectrometer, i.e. the calibration over a wide
range of energies. Thin-walled acoustical [58, 59] or wire spark chambers [56] have
been used to ensure that the positrons follow well defined trajectories through a
homogeneous magnetic field. The present average value

o= (751.8£2.6) x 1073

agrees with o = 3/4. It is mainly given by an experiment of 1966 [59]. For
the determination of the muon decay interaction, p is of secondary importance,
as discussed in Sect. 2.3.2. It is, however, sensitive to Wg — W, mixing in left-

right symmetric models and to supersymmetric muon decays (see Fig. 2.10 and
Table 2.3)

2.4.3. Electron Decay Asymmetry

The measurement of the electron decay asymmetry .A(z) from polarized muons
determines how strong the chiral components (L, R) of the muon take part in the
interaction. It has been used to search for right-handed currents and other muon
decay modes outside the standard model.

If the combination
1Q+3¢6—-2-¢-8) = Llgrrl® + 3l9irl* + lorrl® + lorrl® + 3l9igl’
= QRR + QLR = Q; (2.79)

would take a value different from zero, then a coupling to the right-handed com-
ponent of the muon would have to exist, i.e. at least one g)r # 0. Conversely, the
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finding that Q% = 0 proves that the coupling acts exclusively on the left-handed
component of the muon.

The distribution of the directions of flight of the positrons (electrons) is given
by Eq. 2.4

ar (
dzdcosd

It depends on the reduced energy z, the angle ¥ between the muon polarization
and the positron momentum, as chosen by the detector, and on the amount of
polarization p, > 0. The asymmetry

) =w(z,9) ~ (Fis(z) * p,-cosd-Fas(z)) . (2.80)

w(z,0) —w(z,7) Fus(z)
w(z,0) + w(z,7) Pu- Fis(z)
depends on the parameters p,7,{ and £6 (see Egs. 2.10-2.12, 2.17 and 2.18).

We discuss now the experimental situations in which the parameters § and
¢ have their special influence. The energy zs; where the asymmetry vanishes,
A(zs) = 0, depends on the parameter § only. Solving z5 for §, we obtain

(6-:13-) ~ 3.1—2335—(1/1—-2:3—-1) (2.82)

4 4z5-3+/1-23-1

A(z) =

(2.81)

This allows one to determine é from an asymmetry measurement as a function of
the energy using polarized muons (g, # 0). The knowledge of the magnitude p,
of their polarization is not required.

The distributions of the directions of flight of the positrons (electrons) as seen
by an apparatus which is equally sensitive to positrons of all energies is given by

dl’
dcosﬁ(g) /dz —z%- Fis(z) £ p, - cosd - /dz V2?2 — 2% - Fus(z)

~ (1xA-cos?) (2.83)

The integral asymmetry A’ is proportional to g, - £ and depends on 7 in first and
on § in second order of zo. Neglecting zo (zo = 0) one obtains

A = 1.p,-¢ . (2.84)

This allows one to determine £ from an experiment using muons of known polariza-
tion. In the analysis the knowledge of the values of other muon decay parameters
is unimportant.

The special case A(1) = g, - €6/ has been the basis of a null-experiment for
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a model independent precise absolute determination of the muon polarization g,
and in turn of the v, polarization, g,,, as well as for a determination of £6/p.
Suppose positive muons from the decay of 7t at rest, 7t — ptv, are investigated.
The p+ helicity then is equal to the v, helicity h,,, which is known to be negative.
These muons then are polarized with spins opposite to their line of flight with
9, = |pv,|. From Eq. 2.80 we find

w(l,9) ~ (1+pu-(6]0)-cos9) , (2.85)

where 9 is again the angle between the polarization of the muon and its decay
positron. With the standard model values p,, = —1 and £6/0 = +1, we conclude
that a positive muon from a pion decaying at rest is forbidden to emit a positron
of maximum energy exactly along its line of flight (¢ = 180°). This has been the
basis of an ingenious precision experiment by the LBL-Berkeley-Northwestern-
Triumf collaboration [60, 36] (see Fig 2.4).

— 14000
—{12000

10000

Muon polarimeter . Fzsozld
Berkeley-Northwestern-TRIUMF =403

4000~ (b) u* spin held — 2000

Events/(Ax = 0.001)

P R 1 P !
093 0.95 097 099 1.01

© X = P(e"VP(E g

Fig. 2.4 Left: Positron momentum spectrometer. Positive muons fully backward pola-
rized stop at ”Tgt”, where their spins either are kept fixed in a longitudinal holding field
or where they precess in a transverse field. Right: Positive muons do not emit positrons
of maximum energy along the direction opposite to their spins. This is demonstrated by
curve (b) at z = 1. Curve (a) confirms that muons with isotropically distributed spins
do emit positrons at z = 1. From Ref. [28].

The experiment may be interpreted in an entirely model independent way as
follows [27]:
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Since w(1,0) is a non-negative number and since p, may take its maximum value

¢ = 1 independently of (£6/0), we must have |¢6/p| = 1. If an experiment using
Eq. 2.85 yields the value A.,, for

Pu- €8/l = Aemp 21 ’ (2.86)

then we can draw two independent conclusions:
€8/l 2 Aczp (2.87)
Pu = Awp = pv,| 2 Aezp (2.88)

The art of the experiment is the design of an apparatus which selects undistur-
bed muons from pion or kaon decay and which then would yield a result of A.,p as
close as possible to one. Then p,, |p,,|, and [£6/0| would be constrained between
A.zp and one.

Beams of muons with a precisely known relation between the polarization
pu and p,, are produced by collecting those muons from pion or kaon decay
7t — pty, or K* — pty,, which have a unique recoil direction in space. This
has been realized in two ways: as “surface muons” [61, 62, 63] and as muons from
a parallel beam of pions decaying in flight in vacuum [64, 65, 66, 35].

Surface muons originate from pions (or kaons) decaying at rest just below the
surface of the hadron production target. The recoil momentum pushes the muons
out of this target into the direction opposite to the neutrino line of flight and
possibly towards the ion optical beam transport system. The amount of their
polarization equals p, = G - |p,,|, where the geometrical factor G is determined
by the spread of the corresponding neutrino directions. G is estimated from Cou-
lomb multiple scattering of the muons on their way out of the target. Values of
1—-G =~ 102 with an uncertainty of roughly half of this size have been reached [60].
A great advantage of the surface muon beams is their small phase space which al-
lows one to use small and thin stopping targets.

Muon beams from pions decaying in flight in vacuum avoid Coulomb multiple
scattering. The muon spin lies in the plane of the laboratory lines of flight of
the original pion, k,,, and its decay muon, k and points inwards (towards k,) for
pt and outwards for u~ (See Fig. 2.5). The transverse and longitudinal muon
spin components (7 and (z with respect to the muon’s laboratory line-of-flight are
simply given by

(r = sind,[sin®, (2.89)

L = F1-¢F, (2.90)

where the upper (lower) sign applies for the muon emitted with smaller (larger)
momentum for the given angle of emission 9J,, and where
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¥, = laboratory angle between ky and E,

©, = maximum laboratory angle by kinematics (Jacobian peak angle)
8in@®, = (m2 + m2)/(2mkx)
ky = pion beam momentum.

The selection of a small slice of muon energy in the laboratory in the vicinity of
the Jacobian peak corresponds to a choice of a small range of neutrino directions
and thus of a degree of polarization p, = G - p,,. Again, the geometrical factor
G, which also has been studied experimentally [66], is close to one (> 0.99), and
it is known with an uncertainty of < 1073 [35].

e+

positron
telescope

Fig. 2.5 Muon Spin Rotation apparatus to measure the integral asymmetry of the et
directional distribution following the decay of highly polarized muons. A parallel beam
of monoenergetic (150 MeV/c) pions decay in flight in vacuum. Muons with energies
within a well determined interval are selected to stop in a beryllium plate, Be, employing
the moderator of length £. The original orientation of the muons’ polarization vector
P, is thus defined. A rectangular solenoid produces a vertical magnetic field B = 3 mT
causing the polarization of the stopped muons to precess in the horizontal plane. This
gives rise to a sinusoidal modulation of the exponential decrease of the positron rate. The
amplitude of the modulation (= 1/3) is proportional to the quantity desired, P,§ [35]).
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In order to measure the decay asymme-
try, the muons are stopped in a metal
(Be, Al) immersed in a transverse magne-
tic field where the spins precess. Detectors
follow the muon and the decay positron
momenta. The positron intensity shows
a time modulation corresponding to the
decay asymmetry. It is a favourable cir-
cumstance that there exist substances (Al,
Cu, Ag, Au, bromoform) that barely in-
fluence the spin direction of muons which
reside inside of them or which they do
slow down. The disappearance of muon
polarization during slowing down [67, 68]
and thermalization [69)], i.e. at early times
compared to the muon precession time,
fakes a smaller A.;,. Depolarization at
later times is seen in the data [70, 36).
This “muon spin relaxation” is a central
subject of “uSR spectroscopy” [71]. It
is a complicated solid state phenomenon
whose time dependence cannot be relia-
bly predicted with high precision. It can
be accounted for essentially by extrapo-
lation of the precession signal amplitude
to zero time. The determination of the
parameters of the extrapolating function
in the same experiment generally reduces
the statistical significance of the data con-
siderably due to their strong correlation
with the signal. The relaxation time in
pure metals at room temperature is often
conveniently big compared to the muon
lifetime (See Fig. 2.6). For the measure-
ment of p,£6/p, and of 6 a precise posi-
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Fig. 2.6 Decay of the precession signal
amplitude due to loss of phase coherence
between the rotating muon spins. The
curves assume a Gaussian time depen-
dence of the relaxation [70]. Data obtai-
ned with the apparatus of Fig. 2.4.

tron energy spectrometer with well known resolution (0.15% rms) and acceptance

has been used [36]. The results are

§ = (7T48.6 % 2.64a;. & 2.85ys ) X 1073

pu6/0 = (997.90 & 0.464a,. £ 0.75,55 ) x 1073
and p,£6/0 > 996.82 x 1072 (90% c.L.)
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With Exprs. 2.86-2.88:

o, > 996.82 x 1072 (90% c.£.)
P, > 996.82 x 1072 (90% c.L.)
|€6/0] > 996.82 x 1072 (90% c.L.)

For the measurement of p, - £, positron detectors with low energy thresholds are
used. The results obtained from the decays 7+ — ptv, (pf) and K+ — pty,

(pK) are:
pr-€ = (1002.7 % 7.9 & 3.055.) X 107° [35]
P - € = (1001.3 £ 3.0, & 5.34ya.) X 1072 [37]
pr € > 990 x 1072 (90% c.L.) [37]

Since £ is not limited close to the measured value of p, - £, we cannot draw any
specific conclusion on g, and £ separately, contrary to the case of p,£6/p. In fact,
—3 £ ¢ £ 43, and thus the authors of ref. [35] do not quote an upper limit on
p€. In order to isolate ¢ from p,&, one has to deduce p, from the measurement
of p,€6/0 of ref. [36]. Examples of experimental data from the most simple appa-
ratus (Fig. 2.5) as well as from the most sophisticated one (Fig. 2.4) are shown in
Figs. 2.7 and 2.8.

Fig. 2.7 Measured time distribution
between the stop of highly polarized ut
in Be and the observation of the de-
cay positron [35, 66]. Data obtained
with the apparatus of Fig. 2.5. Po-
sitrons from a low threshold up to the
maximum energy have been accepted.
The exponential y decay time has been
factored out. The spatial asymmetry . ]
of the emitted et relative to the muon o 1+ 2 3 4 5 6 7
spin rotates due to the spin’s precession time [microseconds]

in a weak magnetic field. This genera-

tes the oscillation of the time spectrum. The solid line is the result of a best fit to the
data. The slow decrease in amplitude (relaxation) is due to internal fields in Be.

asymmetry
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For the p,{ experiments (e.g. Fig. 2.7 or
Ref. [37]) it is typical that corrections are
small. The raw data show an amplitude,
which is close to the final experimental result.
These experiments also constitute a simple
means to measure p,,.

Fig. 2.8 Measured distributions of the time in-
tervals between the stop of highly polarized and
precessing muons in very pure metals and the ac-
ceptance of the decay positron [70]. In this expe-
riment only the positrons of highest momentum
are selected which results in a large asymmetry.
Curve (a) has been taken at a field of 7 mT,
curve (b) at 11 mT. The exponential decay time
has been factored out. Data obtained with the
apparatus of Fig. 2.4.

Fig. 2.9 shows that the measured decay . 0

asymmetry, as derived from data similar
to those of Fig. 2.8 but with positrons sel-
ected at various momenta, vanishes near
z = 0.5. The small but finite shift
(zs — 0.5) is a result of radiative correc-
tions to the decay spectrum of Eq. 2.4.

Fig. 2.9 Decay asymmetry of et from pt
decay as a function of the reduced positron
energy [28]. The curve is a fit to the theory
with internal radiative corrections. The up-
per plot shows the statistical errors and fit
residuals for the 32 data points. Data obtai-
ned with the apparatus of Fig. 2.4.
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The result of Ref. [36] is of importance in several respects:

(1) It constitutes by far the best measurement of the magnitude of a neutrino
polarization, in particular of p,, [27]. The sign of p,, has been measured in

separate experiments [72]- [77].

(2) Surface muon beams from pion decay can be prepared with a high and well
known polarization g, > 0.99682 (90% c.£.)
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(3) The polarization g, of muons stopped in various metals is preserved to a high
accuracy during several lifetimes under the influence of an external magnetic
holding field of 1.1 T [60] or 0.3 T' [36].

(4) The precise value of £6/p gives the strongest constraint for the absence of
couplings with both right-handed electrons and muons, g¥n and gir. To-
gether with & and g, it constrains gjp , v=S,V,T.

(5) The product p,£6/p is of interest in the search for right-handed currents
introduced to models which include also the pion (or kaon) decay.

For the theoretical significance of the results we refer to Refs. [17, 78, 79, 80, 81].
We restrict ourselves to mentioning two special cases of left-right symmetric models
which have been used to interpret experimental results.

Right-handed currents admixed to the interaction change A..,, because the
decay muon is no more fully polarized (p, < 1) and because high energy positron
emission opposite to the muon spin is no more strictly forbidden (é6/0 < 1, € < 1).
Such a deviation from the standard model may e.g. be due to a right-handed
intermediate vector boson Wg of mass ~ mp. With the assumption of left-right
symmetry, the parity violation of weak interactions at low energies would still be
preserved, if mp 3> mr. We now expect g%z # 0 dependent on mg, and g; # 0,
gLr # 0 dependent on a possible mixing of the states Wg and W. In such a model
in which gf; = g¥ and in which all of the scalar and tensor couplings are zero
and therefore also ¢ = ¢ = @’ = 0 we find

(1-¢6/0) ~ 2lgral* - (2.91)
and
(1-¢) = 2lgral® +2lgne/’ (2.92)

The relations of the coupling constants g}, to the model parameters & = (my/mg)?
and the Wgr — W, mixing angle ¢ are:

gip = 1 (2.93)
iR ~ £<1 (2.94)
g&:g{R ~ (K1 . (2.95)

Right-handed currents decrease the muon polarization in kaon decay more
strongly than in pion decay if the right-handed quarks mix more than the usual
left-handed ones, i.e. if 9p > 91 [82]. The measurement of p,¢ with muons from
K* — p*v, may thus be somewhat more sensitive to € in this case. (We use
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dr = 07,9 = 6F and 6F = 6% = 0, where 6,i = 1,3, ¢ = R, L is the notation of

ref. [82]).

M(W,) (GeV/c?)
600 400 300 250

220

200

0.18

Fig. 2.10 Experimental 90% confidence li-
mits on the mass-squared ratio £ and mixing
angle ( for the gauge bosons Wg and W, [36].

The allowed regions include ¢ = ¢ = 0. Bold
curve from p,£6/p [36], dotted curve from
pu€ = (972 + 14) x 10~3 as of 1968, solid Li-
nes from g [59], double lines from »N and #N
scattering [83]. Other curves from nuclear 3
decay. For more details, see Ref. [36].

Table 2.3 summarizes the basic relations.
LRS1 is the special case 9, = 95 of LRS2,
as described in Ref. [17] but with equal
strengths gr = gL and CP conservation
w = a = 0. A measured value of p, , p, or
some combination defines a contour plot
in the plane of € vs. {. If it is compatible
with the standard model value, its error
places limits on mp and on the mixing
angle (See Fig. 2.10). In the strangeness
changing decay K+ — ptv, the quark mi-
xing angle enters as sindg, in 7+ — pty,
as cos¥p. With the usual assumption that
the muons from kaon and from pion decay
are identical, the difference 95 # 9L just
leads to a different muon polarization g,.

£ = (W_ - W) mixing angle

0 0.05 0.1
€= M2 (W,) / MAW,)

Since most of the muon decay experiments do not observe the identity of the
neutrinos, the decay ut — et 5,',17, to the supersymmetric scalar partners of the
neutrinos, mediated by a wino, may admix positrons with deviating properties [84,
85]. These influence the measured values of ¢,6 and g but leave £6/p unchanged.
Under the assumption of light scalar neutrinos (m~ < 10 MeV) which would not
energetically inhibit the decay, the sensitivities to a hypothetical wino of mass m
are also given in Table 2.3. We note that a supersymmetric contribution is not
the result of a four-fermion interaction. In general, the expressions derived from
Eq. 2.1 then do not provide the correct degrees of freedom for the corresponding
observables [4]. Some results are (90% c.£.): mgr > 482 GeV/c? (¢ = 0), |[¢]| < 0.040
(mp = o) [36]; mr > 635 GeV/ (¢ = 0,sindg = 1) [37]; 7 > 270 GeV/ (light
sneutrinos) [35]. For limits on composite leptons and on familons, see Ref. [36].
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Table 2.3 Muon decay parameters beyond the standard model. &€ = (mp/mR)%, ¢ =
Wgr — Wi, mixing angle. The muon polarization also depends on the quark mixing angles

9r and IL.

LRS1, LRS2: Left-right symmetric models [17, 78, 79, 80, 81, 82]

SUSY [84, 85): A = (mg/ m)2. m = mass of the wino. Neutrino masses are assumed to

be sufficiently small and of no influence on the energy spectrum.

The parametrization of other measurements may be read off this table immediately, e.g.

1-|puél=1—(1-pu)—(1—|€]). Thus 1 — |£6/0| becomes independent of A.

Measurement || Standard LRS1 LRS2 SUSY
Model 193:19[, ’19L,'l93

ie—13) 0 —2¢? —2¢* 3

1(6-2) 0 0 0 —2)
1— ¢ 0 2(e? + ¢?) 22+ ¢?) -2\
1-p, 0 2(e + C)2

1—py 0 2(e - 2522 4 ()?
1—pX 0 2(e - 2222 4 ()?

2.4.4. Longitudinal Electron Polarization

The measurement of the longitudinal polarization Py, of the electrons from the
decay of polarized or unpolarized muons allows one to determine the parameters
¢"” and €', as can be seen from Eqs. 2.9, 2.10, 2.21 and 2.22. The parameter ¢’ is
of special interest. In terms of the coupling constants g7, we have

1-¢ = 3(4-(lgral’ + l9hel®) + l9Ral® + lgRel® + 12 - |97 ]?)
= 2(Qrr+Qrr) =2Q% , (2.96)

where Q. is the probability of the decay of a muon with chirality  into an elec-
tron with chirality €. Note that Eq. 2.96 is a sum of absolute squares where only
coupling constants with € = R appear. A deviation of ¢’ from 1 would require the
existence of a coupling with the right-handed components of the electron, i.e. at
least one gp, # 0. Conversely, a measurement with the result £’ = 1 proves that
the coupling acts exclusively on the left-handed component of the electron.

To determine ¢’, the longitudinal polarization Pj, of the electrons from unpo-
larized muons has been measured. For the purpose of illustration, we neglect the
electron mass m, and use the experimentally well confirmed values p = § = % and
obtain from Eq. 2.9

¢ =P

The measurement of the electron’s longitudinal polarization P, consists of its
comparison with the spin polarization of the electrons contained in a piece of satu-
rated ferromagnetic material [86]-[95], [67]. The comparison is done by scattering
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the decay electrons from the electrons of a ferromagnet, using the fact that re-
lativistic electron-electron scattering most often occurs when the two spins have
opposite directions. See Fig. 2.11.
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Fig 2.11 Comparison of the longitudinal polarizations of electrons 1 and 2.
Scattering of two fast electrons 1 + 2 — 1’ 4+ 2’ occurs most often when the spins look
opposite, as in case b. In scattering due to a vector interaction (such as electromagne-
tic), chirality R, L is conserved. In case of relativistic particles, this means, that 1 and
1’, and also 2 and 2’ have the same helicity. Angular momentum conservation parti-
ally inhibits the polarization configuration LR — LR (case a) mainly for big scattering
angles ¥, whereas it is of no influence for the configuration LL — LL, (case b). The
LL — LL configuration is furthermore favoured by the fact, that the indistinguished
reaction 1+ 2 — 2/ + 1’ leads to distinguishable and thus incoherent final states in case
a, but to indistinquishable and thus coherent final states in case b. For ¥ = 90% e.g. LL
is eight times more probable. The same conclusion applies, when particle 1 is a rela-
tivistic positron, which scatters elastically from an electron. The annihilation in flight
ete~ — v of relativistic positrons with electrons, however, occurs mainly when their
longitudinal spins are parallel (RL).

The spin polarization of the ferromagnet’s electrons is deduced from their total
spin angular momentum, which becomes macroscopically measurable, when all el-
ectron spins are flipped simultaneously, as done in Einstein-de Haas experiments.
For the comparison of the longitudinal polarization of positrons from p* — v,etv,
with the polarization of a ferromagnet’s electrons, elastic scattering as well as
annihilation in flight into two gamma rays, ete™ — 7+, are most suitable. The
results of measurements of Pf, are displayed in Fig. 2.12. They yield an average of
< |Pr| > = 0.998 £ 0.042. Radiative corrections to the electron polarization g,
are negligibly small [96, 97].

From the resulting error of ¢/, which is dominated by the error of this
< |Pg| >, upper limits for all couplings of right-handed electrons to muons (of
any handedness) |gg, |, # = R, L, follow, in principle, from Eq. 2.96. Improved
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Fig. 2.12 Longitudinal polarization
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values of these limits are obtained for |g}; | and |g5; + 69%.| by considering also
Brr, = %198 + 698 + |95Ll* = 35(a+ ') . (2.97)

For all couplings of right-handed muons to electrons (of any handedness) |g]|,
€ = R, L, better limits have been reached from the experiments with polarized
muons.

The parameter £” in positive muon decay has been determined from a measu-
rement of Pr(z,d) as a function of the positron reduced energy z and the angle ¥
between the muon spin and the positron momentum [34]. The present precision of
the measured combination (£ — £ - £')/€ = —0.35 £ 0.33 does, however, not lead
to better constraints of the couplings.

Experiments measuring P, and Pr(z,9) are described in Fig. 2.13. Positive pi-
ons decay inside the stopping target, where they create unpolarized muons, which
also decay. The positrons encounter the electrons of the magnetized iron foil. Both
effects, elastic scattering (ete~ — e*e™) or annihilation in flight (e*e™ — v7) are
observed in order to quantitatively compare the positron polarization with the spin
polarization of the electrons in the ferromagnet. The four Nal counters identify
and measure the energies of the final state particles e*e™ or 4+ . The apparatus
thus performs simultaneously two independent experiments, one is most sensitive
to antiparallel, the other to parallel spins. The backgrounds and the sources of
the systematic errors are widely different in the two cases. Since the multiple scat-
tering in the iron foil alters the directions of flight of the charged particles, but
leaves their energies mostly unchanged, the measured energies allow the determi-
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nation of the energy of the incoming decay positron and of the polarization sensi-
tivity of the cross section. For both reactions the cross section has the form

0i(Er, E2) = 00i( Er, E3) - [1 + Ai(Ey, E) - Pet - Pe-] (2.98)

where ¢ stands for (e*e~ — ete™) or (ete™ — v9). E; and E, are the laboratory
energies of the final state particles. g+ and {.- are the polarizations to be com-
pared. Since G- lies in the plane of the foil, as does the magnetization, the foil is
inclined (under 45°) to the positron’s line of flight.

The analyzing power A;(E,, E;) reaches high values (-0.78 for scattering and
+0.89 for annihilation), however the fraction of electrons which take part in ferro-
magnetism is small. p,- has typical values of 55 x 10~3. Therefore, upon changing
the foil inclination from 45° to 135° or reversing .-, correspondigly small signals
in 0;(E,, E,) arise. '

g~ is determined from the macroscopic gyromagnetic ratio ¢’ of iron as dedu-
ced from the angular momentum an iron piece displays when its magnetization is
reversed. The electrons in iron may contribute to the magnetization and to the
angular momentum with a gyromagnetic ratio g = 2, when they are polarized,
and with ¢ = 1, when they perform an orbital motion. Unpolarized electrons at
rest contribute to neither of them. For pure iron the Einstein-De Haas effect gives
g’ = 1.919 4 0.002 [102]. This result, being not far from the free electron’s g value
shows that most of the magnetization comes from the polarized electrons, namely
f = (magnetization due to spin orientation) / (total magnetization) =
(1-1/¢")/(1—-1/g) = 0.958£0.001. From the measured magnetization M =~ B[y,
the electron polarization becomes

f-B

bo-N-pip
where N is the number density of electrons in iron and pp the Bohr magneton.

|Bel = = (54.44 £ 0.56) x 1073, (2.99)
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In order to measure the longitudinal polarization Pr(z,?) also as a function of
the angle ¥ between the muon spin and the electron momentum, polarized muons
are stopped in the stopping target of Fig. 2.13. Due to a vertical magnetic field
in the target region, they precess in a horizontal plane. A counter telescope, not
shown in Fig. 2.13, detects their precession phase. From the individual decay times
the angle ¥ is known for each recorded event.

With the experimental techniques available today and with considerable effort
in instrumentation and beamtime, only moderate improvements (factor 3, say) in
the polarization results seem possible. The small effective analyzing powers and
their absolute calibration are a difficulty.

2.4.5. Transverse Electron Polarization

Transverse electron polarization Pr (Pr,, Pr,) is defined in Fig. 2.1. Indepen-
dent of any assumption about the mechanism of muon decay or even the nature
of the two unobserved neutral particles, time reversal invariance (disregarding the
negligible final state interactions) requiresPr, = 0.

In a decay into light photinos, u — €449, Pr of observable size may arise, if the
two effective masses My, k = R, L, of the intermediate scalar leptons are not too
heavy: |My|- |Mg] & 4m2, (90% c.t.) [103, 32).

Within the four fermion interaction Eq. 2.1 the measurement of Pr as a fun-
ction of energy allows one to determine the parameters = (a — 28)/A4, 0" =
(3a + 28)/A, o' and B’ (see Egs. 2.13, 2.14, 2.19 and 2.20). 7 is of special inte-
rest. Although 7 describes, together with the Michel parameter p, the shape of
the (isotropic) positron energy spectrum, it is practically difficult to deduce its
value from a spectrum measurement, since its influence there is suppressed by a
factor zo & 10~2. On the other hand, its value has to be known for a precise
determination of p, since 7 and p are statistically highly correlated. In Eq. 2.19
for Pr,, n arises without suppression factor. It is interesting to note that Pr, does
not vanish in the standard model interaction, as may be seen from Eq. 2.13, and
it may take sizeable values (|Pr,| < 1/3) for positron energies E, < few times m,.
The parameters o’ and 3’ determine Pr,.

Since, by definition, probabilities and polarizations cannot exceed unity, there
exist bounds such as Exprs. 2.46-2.51. From 2.49 and 2.50 we deduce

e?+a? £ (a—d) (a+d) (2.100)

BP+p% 2 (b-V)-(b+V) . (2.101)

The values of the factors on the r.h.s., as obtained from the precision measurements

of ¢, €6/0, &, 6 (or p), are small, except for (b — &’), which is of order A/2 = 8.

At present, both products on the r.h.s. are below the experimental uncertainties

of a,d’, B and B’ whose values are compatible with zero. They vanish, if ¢’ takes
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the standard model value, ¢’ = 1.

PT, J PTZ
s % < & $ 0 $ & S S 1 j
R I o {
_7 1 i 1 1 1 _1- L - | . ] 1 |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Eos /MeV —— Egs /MeV

Fig. 2.14 The transverse polarization components Pz, and Pr, as obtained from an
analysis of the annihilation in flight events as a function of the positron total energy
E,.+. The errors include both statistical and systematic contributions. Data obtained
from the apparatus of Fig. 2.15. From Ref. [32].

The experimental results are displayed in Fig. 2.14. They are compatible with
being independent of the energy between 9.5 MeV and maximum positron energy.
The averages over the energy are

Pr, = (16+23)x1073

Pr, = (7£23)x1073
The values of a, o', 8, 8’ are collected in Table 2.4.

Table 2.4 Results for a/A, o'/A, B/A, B'/A, n and 7" from the experiment of Fig. 2.15.
The errors are dominated by statistics. A value of zero for a parameter indicates that it
was set identically equal to zero in the least squares analysis. Also included are the low
energy shape parameter 7 = (a — 2(3)/A and the parameter 7" = (3a + 28)/A. Their
errors include the correlation between a/A and 3/A. The correlation coefficient between
a/A and B/A (or o’ /A and B'/A) is p = —0.894. All other correlation coefficients are
=~ 0. In all cases, the x? per degree of freedom was 0.97. (All values are given in units
of 10~-3). From Ref. [32].

aA B/A o /A B'/A ul 7"

15 + 52[ 2 + 18[—47 + 52] 17 + 18] 11 + 85 48 £ 125
0 6 + 8 0 3+ 8[-12 + 16/ 12 £ 16

19 + 23 0 -1+ 23 0 19 4+ 23158 & 70

16 + 52| 2 £ 18 0 0 13 + 85[ 51 £ 125
0 0 |[—46 + 52| 16 £ 18 0 0

From Eqns. 2.38, 2.39, 2.42 and 2.43 we see that o and o' are of second order in
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deviations from the standard model, whereas

g = 4Im {g};;zgfi - g}ngﬁh}

are sensitive to first order in (magnitude and phase of) 3R

The experiment is described in Fig. 2.15. It also consists of a comparison with
the spin polarized electrons in a ferromagnetic foil, using annihilation in flight
ete~ — vv. It is based on the fact that the photons from the annihilation of
a relativistic and transversely polarized positron electron pair are preferentially
emitted in the plane spanned by the particle line of flight g+ and the bisector b
between the (transverse) polarization directions pr and @.-.

Fig. 2.15 Measurement of the

i t
2 g::g;iizmt:f';.;g"e transverse components Pr, and Pr,
P i directi o .
2 Vasnctized fort '™ of the positron in muon decay. Lon-
S ¥-Intensity distribution . . .
6 Nal gitudinally polarized muons at 2

precess in a vertical plane. The de-
cay positrons annihilate with trans-
versely polarized electrons at 4. The
" plane of the two annihilation gamma
rays tends to contain the bisector b
of the spin directions of the ete~
pair, as indicated by 5. The data are
shown in Fig. 2.14. From Ref. [32].

The distribution as a function of the azimuthal angle ¢ between this plane and
the actual plane of the two photons is given by

(do/d) ~ (1 — Ar(Ey,Es)- Pr-p,- - sin’p) . (2.103)

The polar diagram of this function is indicated in Fig. 2.15 as a "figure of eight”.
The analysing power Ar(FE;, E;) as a function of the photon energies E; and E,
takes conveniently high values (up to 0.92), but p.- is again small. Pr is measured
by probing the above intensity distribution with the four Nal crystals detecting
pairs of gamma rays. Instrumental asymmetries are averaged out by precessing
the muon spins in a plane perpendicular to the symmetry axis of the apparatus.
This causes the bisector b to precess with half of the muon spin rotation frequency.
After a rotation of 180°, however, the situation is identical for the detectors be-
cause of the two photons in the final state. Therefore the effect shows again the
p SR frequency. In order to make use of the high intensity of the polarized muon
beam at SIN (now PSI), the muon precession is synchronized to the arrivals of the
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muon beam packets. This allows several muons to rotate with parallel spins in the
stopping target at the same time.

The average positron direction of flight of the events detected by the non-
diagonal Nal pairs is slightly off axis. Therefore the pair coincidence rate shows
a small SR modulation which marks the precession phase. For two Nal pairs of
the same type (left and right or upper and lower pairs) this precession phase is
shifted by 180°, while for a signal due to a transverse polarization the phases are
equal. From this one can deduce both magnitude and phase of Py with respect to
the muon spin. The data recorded for each event include information on the time
of decay, on the positron’s direction of flight and on the energies of the photons
E, and E,.

A finite positron transverse polarization would make the positron spins precess
rapidly in the magnetic field in the target and tend to destroy itself. It is the
Lorentz contraction of the magnet as seen by the positron which makes the time
spent in the field sufficiently short.

2.4.6. Electron Neutrino Energy Spectrum

The shape parameter wy, of the energy spectrum of left-handed v, from the de-
cay of unpolarized u* is completely analogous to the famous Michel parameter p.
There is an important difference, however: The standard model predicts ¢ = 3/4,
but wz, = 0. This has intriguing consequences: As has been shown in Sect. 2.3.2
a precise measurement of g in agreement with this prediction does not allow to
derive any limits on six of the ten complex coupling constants describing muon
decay. On the other hand a precise measurement of w; puts upper limits to the
coupling constants |gir|, |97x| and |97y, + 297, [22, 23].

From an experimental point of view it is exciting to realize that the measure-
ment of wy, is a null test of the standard model, comparable to the measurement
of P,£6/p [36] where one looks for events where none are predicted. For a purely
left-handed (or a purely right-handed) interaction angular momentum conserva-
tion prohibits events at the maximum », energy, while for all of the remaining
interactions the rate is even enhanced at the spectrum endpoint. This leads to
wr, > 0 and makes the method very sensitive (see Fig. 2.16).

The v, spectrum and therefore the parameter wy can be measured with a neu-
trino spectrometer of sufficient energy resolution and known energy dependence of
the detection efficiency. One possible process is the reaction 2C(v,,e~)2N(g.s.)
The KARMEN collaboration has built such a detector with 56 t liquid scintillator
as target [38]. There, #* stop in a beam dump and decay into an unpolarized
sample of p*. The u* decay with a mean lifetime of 2.2 us, and v, are converted
promptly in the scintillator to e~. The observation of the subsequent 8+ decay of
12N(g.s.) with a mean lifetime of 15.9 ms, together with the required spatial co-
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incidence, greatly reduces background (see Fig. 2.18). The authors assumed the
pure V — A law for the decay and obtained the energy dependence of the absorption
cross section. They were able to measure the energy E, of the e~ with the high
precision o(E.)/E. = 11.5%/+/E. (E. in MeV). It has been pointed out recently
that one can use the same measurement to derive independently the shape dT'/dy
of the neutrino spectrum [22]. There it was shown that the pronounced structure
at the spectrum endpoint for w # 0 can easily be separated from the smoothly
varying absorption cross section o4. The sensitivity is further enhanced by the
fact that o4 rises strongly with energy, so that the region of interest is magnified as
with a looking class (see Fig.2.17). This boosts the sensitivity to Awy = 0.26/+/N,
where N is the number of events.

In the following we assume that the KARMEN experiment will reach a final
sensitivity of Aw = 1%. This will improve existing upper limits to |g5; + 29%.|

according to Eq. 2.25 [23]:
lgs + 205, = /2 Aw (2.104)

The effects of contributions from right-handed v, lead to the effective spectrum
shape parameter
wrQr + e(y)wrQE
Qr +e(y)Q%

Wars = wL+e(y)gg (wr —wr), (2.105)
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Fig. 2.18 Energy and
time spectra of delayed
coincidences from the re-
action 2C(v.,e”)12N,,.
and 2N — 12Cety,.
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where e(y) is the relative amount of right-handed v, contributing to the absorption
cross section 04. From muon decay one finds that emission is suppressed by the
factor Q% /Qr < 0.087 (90% c.£.), and from nuclear beta decay that absorption
is suppressed by e(y) < 7.4 x 1073 (90% c.£.) [23]. The total contribution to the
value of wy, is therefore < 0.6 x 1072 and can safely be neglected for the presently
achievable precision.

The second observable of the neutrino distribution is the probability Q7 =
1 — QF of the v, to be left-handed. A measurement of the total rate with an error
of < 5% would improve present experimental limits which would lead to improved
limits for the coupling |g5 |, which can hardly be detected directly because both
neutrinos are right-handed. The measurement of Q7°, however, does not seem
to be feasible at present, mainly because the absorption cross section has to be
determined absolutely either by theoretical calculation or by suitable calibration.
The experimental error on the rate is presently in the order of 10% [38] and might
be improved in a future, dedicated experiment.

2.4.7. Inverse Muon Decay

Measurements of inverse muon decay (IMD) are difficult to perform because
a large v, laboratory energy E,, > 10.93 GeV is transformed to the small c.m.

energy /s ~ \/2m.E,, resulting in extremely small cross sections. Thus in the

CHARM II experiment [39] with its average neutrino energies of =~ 20 GeV the
IMD total cross section is more than 1000 times smaller than the total neutrino
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cross section on nucleons. The CCFR experiment [40] at the Fermilab Tevatron
has used neutrinos with energies up to 600 GeV corresponding to a total energy
of 780 MeV in the c.m. system. The three main problems in determining the
absolute cross section precisely are, as usual, to identify the good events with well-
known efficiency, to subtract correctly any background and to calibrate the neu-
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energy leads to events with corre-
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Fig. 2.19 p? distribution for events
with E, > 109 GeV and Epg <
1.5 GeV for incident v, (solid line) and
7, (marked with dots) [39]. The 7,
distribution was normalized to the v,
distribution in the range 0.05 < p% <
0.1 GeV?/c?. The insertion shows the
small p% region with the peak due to
the inverse muon decay reaction. From
Ref. [39].

ta and muon emission angles. Thus the trigger condition is given by single muons
emitted nearly in forward direction and with negligible hadron energy. Although
the background shapes cannot be reliably predicted, they should be equal for ,
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and 7, reactions at p3 = 0 [104].
Background comes from a broad
continuum of quasi-elastic proces-
ses (QEP, charged current events
on nuclei). The signal can be
seen clearly as a narrow peak on
the p? distribution over a huge
broad background of QEP events
(see Fig. 2.19). Since there is no
IMD for 7, on e~ one uses the back-
ground for antineutrinos, properly

Fig. 2.20 Distribution of inverse muon
decay experiments as a function of p?
after subtraction of background. The
solid line represents the expected dis-
tribution. From Ref. [39].



normalized, for background subtraction at small momentum transfer. The resul-
ting IMD p? distribution agrees well with the expected distribution (see Fig. 2.20).
For the CHARM II experiment the systematic error on the detection of the events
is 4% and equal to the statistical error. The error on the total neutrino flux
and therefore on the overall normalization is 5%. After subtracting radiative cor-
rections, adding the errors in quadrature and dividing by the Born term of the
standard model prediction they obtain

S = (1054 £ 79) x 1073 [39]
The result of the CCFR measurement, obtained at higher neutrino energies, is
S = (981 = 49¢as. £ 304ys.) x 1072 [40]

These results tell how strongly left-handed v, react with e~ and complete the
informations from normal muon decay. They have enabled the first experimental
confirmation of the assumptions of the standard model for muon decay [4].

2.4.8. Radiative Muon Decays

The measurement of the parameter 7 in the radiative decay, u* — v, e*v,7, is of
interest because it gives upper limits on |g}; |, 19¥R|, 195+ 297 | and |93, + 295
The branching ratio for this process, however,is only 1.4%, and a measurement
has been performed as a by-product of searching for the process p — ey [29, 105].
There et and vy with energies > 25 MeV and at an angle of 180° were detected in
coincidence. The decays of 6 x 101! u* resulted in the detection of only about 7500
events which yielded the value of 7 = —0.014 £ 0.090. We conclude that although
an improved measurement of 7 is desirable, it seems to be rather difficult to reach
a precision of, say, 0.01 which is necessary to be competitive with standard muon
decay experiments.

The measurement of the decay u* — v,e*v.ete” similarly is a by-product of
the search for the decay g — 3e [31]. This experiment has verified the theoretically
predicted branching ratio of B = 36 x 10° and has determined limits for the
probabilities Q., and for BLr and Bpy (see Sect. 2.2.4). With 2723 events the
limits for Qrr and Bpgy are only a factor 3.3 less accurate than the limits from
normal muon decay [31, 21], whereas Qrr and QLr are by an order of magnitude
less accurate. We conclude that a measurement of that decay is very useful due
to its high sensitivity to the important decay parameters, but that the very low
branching ratio makes it unrealistic to hope for improvements on the knowledge
about the decay interaction from this particular decay.
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3. Leptonic Tau Decays
3.1. General Remarks

The standard model considers the tau as a heavy muon or as a heavy electron,
having its own associated neutrino. We discuss the experiments needed in order
to prove that the tau (and its neutrino) shares the same weak interaction as the
muon and the electron (and their neutrinos) do. We indicate to what extent the
present experiments contribute to answer that question. For general reviews, see
Refs. [10, 106, 107].

Leptonic 7 decays shall be described by the same Hamiltonian and decay pa-
rameters as p decay. They are insensitive to effects of the finite mass of the inter-
mediate vector boson, since the lifetime and the decay parameters are modified by
terms of the order of (m,/mw)? = 0.5 x 1073 [108]. Effects of a finite 7-neutrino
mass m,, are in the order of m?_/m? [109]. With the present experimental limit
of m,, <31 MeV/& [110, 111, 112] any possible effect is % 0.4 x 10~3. Radiative
corrections, however, do have to be taken into account in analyzing experimental
results (See Ref. [15], [43]-[51]).

3.2. Universality

The universality of the charged weak interaction for the three leptonic decays
p — v,ebe, T — vppub, and T — vyeP, can be checked by testing whether

a) the couplings g7, are equal and
b) the strength G is the same.
The Fermi constant G as the measure of the strength is given by [52]

1 102 1
2=
7w m} 1+4n-me/m,

(3.1)

where 7, is the lifetime of the mother lepton £, m, its mass and my the mass of
the charged daughter lepton. Radiative and higher order corrections have been
neglected here. (See also Eq. 2.76). Instead we point out the importance of
the so-called low energy parameter 7 for the muonic decay of = [113, 41], since
m,/m, ~ 1/17. With the allowed range of |5,| = 1 one obtains

Gr(n, # 0)
09 < Gr(n, =0)

if n, is not known ! The parameter 7, can be determined either by analyzing
the muon momentum distribution or by deriving upper limits for the coupling
constants by measuring the decay parameters £, £, and 6, which will constrain

<115 (3.2)

39



the value of 7,.

We note that the parameter 9 is due to the interference of interactions leading
to the same helicities of the leptons in the final state, but to opposite chiralities
for the charged leptons x and e (see Eq. 2.77). Therefore the terms with 7 in the
spectrum or the total decay rate I' are proportional to the corresponding masses
m, or m,. With a dominant left-handed vector interaction a scalar interaction
could contribute in first order according to

n~1Regfp . (3.3)

If we further assume the coupling to be caused by a charged Higgs particle with a
strength proportional to the mass of the charged daughter lepton, then we obtain
Mu/ne = my/m. ~ 207. The sensitivity for this kind of scalar coupling would
therefore be ~ 43000 times larger for the decay of a 7 to a u than for the decay
into an electron ! We conclude that the measurement of 7, is of special interest

and note that it should be possible to extract a value from existing data (see
Sect. 3.3.2).

3.3. Measurements

The experimental methods used to measure the observables of leptonic 7 decays
differ from those of u decay due to several reasons:

a) Muons from 7% or K* decays are strongly polarized due to the weak inter-
action causing the meson decay. Decay asymmetry experiments then yield
the product of the polarization with the asymmetry parameters. 7 leptons,
in contrast, used to be produced in pairs of 7+ and 7~ from colliding e* and
e~ beams at energies below the Z° resonance. The 7’s are then unpolari-
zed, being produced via electromagnetic interaction. Their spins, however,
are correlated [114] so that the asymmetry parameters can be obtained by
measuring correlations between the decay products of the two 7’s [41, 113].
Recently 7 leptons are also produced from Z° decay at the Z° resonance.
They are polarized due to the Z° decay, so that again the product of the
asymmetry parameters of both decays can be measured [115].

b) The lifetime of the 7 is much shorter than the lifetime of the p, because
the leptonic decay rate is proportional to m} and because the 7 lepton can
also decay into hadrons. Except when they are produced at threshold the 7
leptons decay therefore in flight due to their short lifetime, and their decay
spectra generally are not measured in the rest system. It is therefore not
possible, for example, to stop 7’s in matter and let their spins precess in a
weak magnetic field to measure the decay asymmetry, because they are not
polarized and because they decay before stopping.
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3.8.1. Spectrum Shape

The Michel parameter g is the only decay parameter measured up to date.
Earlier measurements left sufficient room for speculation because g. looked syste-
matically smaller than g, (see Table 3.1).

Table 3.1 Measurements of the two Michel parameters g, and g, from leptonic tau
decays. All values are in units of 10~3. When two errors are given, the first is statistical
and the second systematic.

Experiment | Ref. Qe 0
DELCO 79 | [116] | 720 £ 150

CLEO 85 [117] | 600 + 130 810+ 130

MAC 87 | [118] | 620 & 170 + 140 | 890 & 140 £ 80
CB 89| [119] [ 640+ 60+ 70

average 640 + 60 840 + 110
ARGUS 90 | [120] I 747+ 45+ 28 l 734+ 5527 I

The latest results [120], however, agree well with p. = g, and with the stan-
dard model value. One of the difficulties in these experiments in contrast to the
measurement of p in muon decay is the correct identification of the tau. In the
ARGUS experiment this was done by identifying the accompanying tau through
the decays 7+ — 7, xtx*tn~ and 7+ — P, at 77~ x0. For the energy spectra in the
c.m. system the maximum rate is at the highest energies if radiative corrections

N T 1 T T N T R v T T
—_ : ] _ ]
0.025[ 0.025 b)
300 .
] 200 f i
’ 4
200 + ¢ 5 ]
] 100 'f : -
100 1 i = ]
0 0 1’" ; U 1 \'-"-\.M. ]
0. 00 02 04 06 08 1.0

E/Emax

Fig. 3.1 Normalized electron (a) and muon (b) energy distributions for leptonic tau
decays show agreement with the standard model and also with a purely right-handed
interaction. The dashed curves, labelled "V +A”, correspond to a coupling g} 5 = 1. This

has implications for left-right symmetric and for supersymmetric models. See Section
2.3.2 and Table 2.3. From Ref. [120].
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are neglected. Due to the Lorentz transformation the maximum in the laboratory
system is shifted to lower energies (see Fig. 3.1.).

In the analysis, = 0 has been assumed. As in u decay the spectrum depends
both on g and 5, which are correlated (p,, = 0.46) [41]. Taking this into account
would lead to slightly larger errors. On the other hand it has been shown that
7. can be determined together with the Michel parameter p, with a comparable
precision because of the favourable mass ratio of m,/m,. From Eq. 3.1 we see that
the measurement of 7, is essential for a precise test of universality for the muonic
T decay. Implications of ¢ measurements for the Lorentz structure of the interac-
tion are discussed in Sect. 2.3.2 and in Ref. [42]. There exist many four-fermion
interactions, including the purely right-handed one with gfp # 0, which lead to
o = 3/4. See also Table 2.3 and Refs. [17], [78]-[82].

3.3.2. Decay Asymmetry

The four asymmetry parameters §,, 6,, {. and é. can be determined by ana-
lyzing the decay distributions of spin-correlated 7 pairs. It has been shown that
the combined measurement of, for example, the et momentum k., the p~ momen-
tum k, and the opening angle 9., between the two momenta contains sufficient
information not only about 5 and p but also on the asymmetry parameters £ and
6 [41, 113]. There the figures of merit M; were calculated for the decay parame-
ters z; = g, 7,6, £ by integration of the distributions R(k., k,,, cos J.,) and S(k., k,)
over phase space for 107 events. For uncorrelated decay parameters z; the error

Axz; on the parameter z; is simply

E, [GeV] Eo [GeV] given by Az; = M;~"/%. Fig. 3.2
o 10 200 10 20 shows the dependence of M; on

S 41 ] \ g & the total energy Eyo. Sensitivity
A - < LN . i .
3 o - L4 ’;i Fig. 3.2 Total Figures of Merit
:;} - ¥ for the leptonic decay parameters

QusTus Oy, €y as a function of the to-

.:\..'~ ----------- -
a
6 ﬁ R tal beam energy Eo. The curves are

- T a L4 4
3 41 L L 3 derived from the correlated distri-
"o\a ZJ I e —t2z 73 butions R(k,k,,cosd.,) (solid Li-
=z 7] 1 7 " ¥ nes)and S(ke,k,) (dashed lines) for

0- { C L 4 / d ) . + .- +
: - T o % the reactions eve~ — 77T —
0 1 — —_— . .
E, [GeV] E, [GeV] (ptv,v,)(e"Pevr) by numerical in-
0 0

tegration. From Ref. [41, 113].

is highest for the scalar parameters p, and 75, at threshold, while it increases with
energy for the pseudo-scalar parameters 6, and £,. However, measurements are
possible for all four quantities both at threshold and at higher energy, e.g. at the
T resonance.
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In a joint analysis of spin-correlated 7+7~ pairs decaying into u*,e*, K* or
7% the statistical errors were calculated for an ideal detector [41] taking into ac-
count the measured branching ratios. For 107 7 pairs produced at a c.m. energy of
10.55 GeV the statistical errors are Ap = 2x 1073, Ap, = 3x 1073, Af = 13x1073
and Aé = 11 x 1073, Instead of evaluating with respect to £ and § it is highly
recommended to use instead the linear combination Q% which is the probability
of the 7 to be right-handed in the decay (see Sect. 2.3.3). Q% can be determined
much more precisely than either ¢ or é alone, because these two parameters are
strongly negatively correlated which leads to AQ% = 6.7x1073. Q% is equal to the
sum of the squares of five complex coupling constants (see Eq. 2.72) and supposed
to be zero in the standard model so that a precise measurement puts upper limits
on each of the coupling constants individually.

8.8.8. Muon Polarization

In muon decay the polarization of positrons from stopped muons is measured
by annihilation in flight or Bhabha scattering on longitudinally polarized elec-
trons. The analyzing power is rather large for both processes and can be close to
one, but the final measured asymmetry is of the order of a few percent because
only every fourteenth electron in the magnetized iron foil is polarized. For the
decay 7t — 7,u*v, one can use the decay asymmetry of the stopped u* with the
ten-fold higher effective analyzing power of 1/3 ! To perform this kind of expe-
riment one needs outside of the main detector a dedicated polarimeter consisting
of several alternating planes of nondepolarizing material like aluminium or marble
plates, scintillators and an array of drift tubes or proportional chambers to mea-
sure the direction of the muons and their decay positrons. The stopped muons
would precess in a small magnetic field B ~ 6 mT which should be tangential to
the (assumed) cylindrical surface of the main detector. By measuring the time
distribution of the decay one can derive the decay asymmetry and from this the
longitudinal polarization of the muon.

Such a measurement has been performed at muon momenta of 16 GeV/c for
the reaction #,Fe — Xu* [121] where the chirality transfer from the U, onto the
pt was measured. There by detecting 3400 events a statistical error on the ut
polarization of 20% was reached. Using this result the presumable statistical error
which could be reached in a B meson factory for 107 produced 7 pairs was estima-
ted to 15% [122]. According to Eq. 2.73 this corresponds to an error of 7.5 % for
Q% which is the probability for the 4 to be right-handed in 7 decay and allows one
to put upper limits to |gfgl, |95., l9%zl, lgkz| and |g&;| simultaneously. With
this very important measurement one can get information about three types of
interactions not accessible by the asymmetry measurement and put upper limits

on any type of interaction where the right-handed component of the 7 takes part
in leptonic 7 decays.
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