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Present experiments determine the most general (local. derivative-free. lepton-number conserving) leptonic four-fermig, '
interaction hamiltonian of the normal and inverse muon decay. Numerical results are given for all ten complex coupling
constants and nine T-violating amplitudes with respect to the ™ helicity projection form™. ) ‘ ’
’

The interaction of electrons, muons and their neu-
trini at low energies is successfully described by the
most general, local, derivative-free lepton-number
conserving four-fermion interaction hamiltonian [1].
It contains ten complex coupling constants or, since a
common phase is arbitrary, nineteen independent real
parameters, Without any further assumptions these
are completely determined, as this paper will show, in
the following way: one parameter by the muon-life-
time measurement, sixteen by further muon-decay
measurements, and the remaining two by inverse
muon decay. The Fierz transformations [2] allow
various forms for the hamiltonian. We will choose the
“helicity projection form” [3—5] to represent the re-
sults. This form (abbreviated HPF) uses fields of defi-
nite handedness. Since the charged weak interaction
is seen to be dominated by a coupling to left-handed
fermions, the HPF is closest to a physical interpreta-
tion, in which ¥ — A, the charged current interaction
adopted by the standard model, is taken as a basis,
from which deviations are Jooked for.

We denote the matrix element by

vy=S,V,T
e,u=L,R
(n,m)

! present address: High Energy Physics Division. Argonne
National Laboratory, Argonne, IL 60439, USA.

v labels the type of interaction: I'S, 'V, T'T (sca.
lar—pseudoscalar, vector—axialvector, tensor); the in.
dices € and u indicate the chiral projections (left-
handed, right-handed) of the spinors of the experi-
mentally observed particles, € = electron, u = muon;
indicates the helicity of the electron antineutrino, m
that of the muon neutrino. n and m are uniquely de-
termined for given v, €, u. See table 1.

We normalize the coupling constants gzu , by tak-
ing out a common factor which is determined by the
total decay rate, to

A=4(g) g P +185 P +1gSr P +lgr )

vV 2 vV 2 \" A%
+16(1gYe P + 18y 2 +1gYr 2 + 1871 1)

t+ 48(Ig§Ll2 + lgER ?y=16. @

From the relations to the observables, which have
been worked out previously [3—5], we deduce ‘

Opp =31g5p? +1gpp =2 + 04,

v

3

0 g =hgSe P +1gVr P #3181
=[@-d)+6(c-c")]/24, 4
Op, =H1gRy P+ lege P+ 3lgg,
=[(@+d’)+6(c+c)]/24, %)
(®)

O L =g P+ig P=20 -4,
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LR =islerr t6glg P +IgY 2= @—da)24, (7)

&
[
Hl

rL = T6leRy * 628 1P +1gn P =@+d')24 , (8)

1l

-hl'-‘

I

«

V V %

MG 6g,)" + ien; (80R *6815)
+ia')/24 , ()]
(10)

The parameters {a/4, ..., §'/A} on the right-hand side
of egs. (3)—(10) have been introduced [6] to express
all possible results of the measurements on the elec-
tron (positron) in the decay of polarized (and unpo-
larized) muons. Their values are known [7] for posi-
tive muon decay. The main property of egs. (3)—(10)
is, that they contain the maximum possible number
of positive semidefinite quadratic forms of the cou-
pling constants, which are determined (as linear com-
binations) by the observables. We note:

=(a

1 gRR/2 +PRRgLL/2 _2(6 + lﬁ )/A

0<Q., <1 (eu=R1L),

24 Q=1 (1)
eu

Thusa Q, W is the relative probability for the decay of

a muon of handedness u into an electron of handed-
ness €, irrespective of the neutrino helicities. Since the
experiments evaluate the three quadratic forms Qgg,
QLR @Ry to be zero, within error, upper limits fol-
low immediately for the absolute values of all of the
corresponding eight coupling constants gk, &R

gki»Y=S,V, T. However Qy; # 0. Inspection shows,

as already pointed out in ref, [4], that muon-decay
measurements without neutrino observations do not,
by themselves determme the interaction tobe V — A4,
that is gLL =0 gLL = 1. (In the extreme, they are
compatlble with a pure scalar type interaction gLL

0 g =2, but the two unobserved neutrini would
both have to have the “wrong” helicity.)

We can resolve this remaining ambiguity, however,
by including the data from the inverse muon decay
v,te” >uT tv,. The total rate S, normalized to
the rate predicted by V-4, is found to be S = 0.98 +
0.12 [8,9]. This rate also has been expressed in terms
of the most general four-fermion interaction in ref.
[10]. The upper limits deduced from normal muon
decay show that the influence of eight of the coupling
constants on S is negligible. We get in the HPF form
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=lgy P -+ &1gd e, (1)
where € = h — (—1) is the deviation of the helicity 4
of the muon neutrino in pion decay from —1. The
helicity has been measured for Yy [11] and for 5
[12]. € is known to be <4.1 X 10~3 (90% CL). (This
conclusion has been reached without any assumptigy
on the pion-decay mechanism, except for angular-
momentum conservation [13].)

Since certainly IgEL |2 < 4, the second term in eq,
(12) can be neglected, and we obtain

lgf F=S, (13)

whlch leads to a Iower limit for IgLLI Since further.
more; |gLL| + |gLL |2 < 1, we get an upper limit

|gLL 2<a(1-59). (14)

We have thus found experimental, model-indepen.
dent bounds for all coupling constants g : a lower
bound for | gLLI from inverse muon decay and upper
bounds for all the other | g;’“l from normal muon de-
cay.

The numerical results of table 1 are based on the
values of ref. [7], except that § = 0.7502 £ 0.0043
[14] has been used, on § from ref, [8], and on 4,
from ref. [13]. [In accordance with eq. (1) the tagle
is expressed in terms of u— decay although the exper:
ments have measured u* decay.] The limits found for
the absolute values of the complex coupling constants
imply also limits for their T-violating imaginary parts,
In order to give a quantitative representation for the
limits of T invariance, we introduce

= ' *
T o 2 Im{(gz,“./m Xg2, /M™)*}]
with the range —1 < +I M7 being the theoret
1calmax1mumoflg l (M =2,MY=1,MT = =1/V3).
eXtryery [x] de51gnates the value of x which maxi-
mally dev1ates from zero with respect to the choice of
the primed indices. Upper limits for all nine |T7 | are
calculated according to

Y 24 Y _
177, 1<21g?, 1M1 1

and are displayed in table 1. These results are compat-
ible with a'/A4 and 8'/A4, which have been deduced
from a direct measurement of the T-violating compo-
nent of the transverse polarization of the positron
from ut decay [7].
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To discuss egs. (9), (10), we note that |/ W2 <
BriBLr and that |IB'2 < QRRQLL- The first of these
inequalities sets a bound to |a + ia’| and has been
used to improve the results for 8/4 and 8'/4 in the
numerical analysis of the transverse-polarization mea-
surement [7]. The second inequality is fulfilled by
the data far away from the equality sign, confirming
the independence of the information contained in 8/
A and §'/4 from the other measurements,

To estimate the influence of various experiments
on the coupling constants, the following expressions
have been derived:

Orr =2[Y4p/3 -0 Z4[Y—o(r)], (15)
Orr =1 [Y+R+D[3-0(Y)] , (16)
QrL=1[X - O(V)] a7
OrL =1—(Qrr *Qrr +01R), ar
Bir T5[Y+4R +4D/3 - O(Y)] , (18)
BpL Z3[X+3R-D-0(V)] , (19)

where X=1—¢"Y=1-£§/p,R=1 —4p/3,D=

1 —48/3 are the small, measured deviations from the
V — A values. O(Y) allows one to judge the accura-
cies of the estimations: 0 < O(Y) < | Y|. Since these
expressions do not take into account the constraints
discussed in ref. [7], they tend to somewhat under-
estimate the limits.

We may now directly read off the connection of
an experimental result to a particular coupling con-
stant, For instance, a possible ¥ + 4 admixture, given
by gKR, contained in Qpp, is limited by the accuracy
of the P“SG/p measurement, or, an improvement on
the knowledge of possible admixtures of scalar, vector
or tensor type couplings to a right-handed electron
(Ogy) needs an improvement of the basically most
difficult of the present normal decay experiments,
the measurement of the longitudinal electron polari-
zation, &'

We wish to emphasize that all the results of this pa-
per on the coupling constants as summarized in table
1, have been obtained entirely from experiments on
normal and inverse muon decay without any model
assumption besides the most general, local, derivative-
free, lepton-number conserving four-fermion interac-
tion,

Various specific theoretical models make predic-
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tions for the couplings. The standard model sets gXL
=1, all other gzn = 0. Left—right symmetric models
with an intermediate boson coupling to ¥V + 4 cur-
rents [15] also allow gKR # 0 [3]. A model motivated
by supersymmetry with an additional muon decay in-
to an electron and two (unobserved) photini mediated
by heavy scalar leptons, proposed in ref. [16], is de-
scribed by the four gesu, e,u=L,R,

The decay of a muon into an electron and two
(unobserved) supersymmetric light scalar neutrini,
mediated by a wino, as studied by Buchmiiller and
Scheck [17], constitutes an example of an interaction
which leads to electron observables that cannor be
represented accurately by the parametrization of the
four-fermion interaction. (There exists no value of
the & parameter which would correctly describe the
energy dependence of the decay asymmetry of the
fully left-handed electron.)

A variety of further theoretical models has been
discussed and compared to experiments in ref. [4].

In summary, we have shown that the weak interac-
tion in muon decay is completely determined by ex-
isting experiments: Measurements on normal muon
decay (without detection of the neutrini), on inverse
muon decay, and helicity measurements of the muon
neutrino yield a lower limit for ¥ — 4 and upper lim-
its for all other interactions (including eg. V+A4).
Present experimental errors still allow substantial con-
tributions from interactions other than ¥ — 4. Our
results also include upper limits for all nine indepen-
dent, T-violating amplitudes in the muon-decay inter-
action.

»
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