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Muon Decay: Measurement of the Energy Spectrum of the v, as a Novel
Precision Test for the Standard Model
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The energy distribution of the v, from the decay of unpolarized p+ has been calculated on the basis of
the most general four-fermion interaction. It depends on a parameter called m which equals zero in the
standard model. It is shown that the recent measurement of the reaction ' C(v„e )' N(g. s.) with v,
from p+ decay at rest not only yields the absorption cross section, but also independently determines m

with a precision of hat =0.026 for 100 measured events. This corresponds to lgPLl (0.37, where gtt de-

scribes a scalar interaction with left-handed p and e and right-handed neutrinos.

PACS numbers: 13.35.+s, 12.15.ji, 25.30.Pt

Since the discovery of the muon more than fifty years
ago, its main decay mode p+ e+v, v„has been of spe-
cial interest both to experiment and theory. The decay is

purely leptonic and therefore allows study of the charged
weak interaction at low energies without disturbance by
the strong interaction. It can be described by the most
general, local, derivative-free and lepton-number-con-
serving four-fermion point interaction Hamiltonian [1].
It contains ten complex coupling constants corresponding
to nineteen independent parameters to be determined by
experiment. The observables are described most con-
veniently in terms of a chiral Hamiltonian in charge-
changing form [2,3] which is characterized by fields of
definite handedness. The matrix element is given by [4,5]

M=4 ' Z g.",&e.li"I (v. ). l((v) li II )
GF

sp R,L

Here GF is the Fermi coupling constant, while y labels
the type of interaction: I, I ", I (4-scalar, 4-vector,
4-tensor). The indices s and It indicate the chirality (left-
or right-handed) of the spinors of the charged leptons; s
denotes electron, p the muon. The chiralities n and m of
the v, and the v„spinors, respectively, are uniquely deter-
mined for given y, c, and p. In this picture, the standard
model corresponds to gLL =1, all other couplings being
zero.

All the experimental results from p decay, which were
obtained from the study of the It and e (positron spec-
trum, decay asymmetry, and positron polarization), were
consistent with the V —2 hypothesis (gtt =I); it was,
however, impossible to deduce the Lorentz structure from
these experiments alone. This was observed in 1966 by
Jarlskog [6] who proposed to measure neutrino-electron
correlations to resolve the remaining ambiguity. In 1986
it was finally recognized [4] that the measurement of the
cross section of the inverse muon decay reaction v„e

p v, using v„of known helicity supplied the missing
information. Together with the results from normal
muon decay it was possible to obtain a lower limit to gII
for the first time. This, in turn, allowed one to obtain an

dI mp GF
[Ft (y) + toF2(y) + rlxpF3(y)],

dy 16m'

with

(I —xo —y)'y'
F 1 (y) =

1
—

y

(2)

(2a)

2 (1 —xo2 —y)'y'
F2(y) =—

(1 —y) '

x [ —4y +y(7 —xo) —3+3xo], (2b)

(I —xo2 —y) 'y '
F3(y) = (2c)

(1 —y) '
We note that Eq. (2) closely resembles the distribution

of electrons from p decay: co is the neutrino analog of the
famous Michel parameter p. The integral of Fq(y) over
the allowed region of y vanishes, and the total decay
probability I depends only on GF and g. The so-called
low-energy parameter g is already known from the elec-
tron spectrum. Although m and g are strongly correlated,
we can neglect the influence of g on m because g is known

very precisely to be small, t) =(—7+ 13)&&10 [9], and
because F3(y) is additionally suppressed by the factor xo.
The new decay parameter co may be obtained from p by
the substitutions gLL gLg, ggR ggL, gL/ —gLg,V V V V T T

and gal —gal. Is it given in terms of our coupling

upper limit for the hitherto undetermined coupling con-
stant lgLLl by exclusion. This scalar coupling is charac-
terized by left-handed It and e and right-handed v„and
v, and could be mediated, for example, by a charged
Higgs boson [7].

In the following we describe a novel method by which

gLL is determined directly using the experimental results
of a recent neutrino measurement [8]. We have calculat-
ed the energy distribution dI /dy of v, from the decay of
unpolarized It+, where y =2E„/m„ is the reduced neutri-
no energy (0(y ( I —xo), xo=m, /m„, and m, and m„
are the masses of electron and muon, respectively,
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constants by

to = 1'6 [IgLL I'+
I gRR I'+41''~ I'+41gÃ. I'+

I gER+2gE~ I'+
I gkt. +2gEL I'] (3)

with 0~ co ~ 1 for arbitrary g,"„and 0~ e ~ 4 if the standard decay parameters are restricted to their V—3 values

p =8 =
4 and g

=(' = l.
In order to compare the physical significances of measurements of to and p we write p in the form [10]

p —
4

= —
4 [IgLR I'+

I gRL I'+21gl~ I'+ 21gEi I'+ Re(gPRgER+ g~LgEL )] (4)

This has intriguing consequences: A precise measure-
ment yielding p= —,

' which is the V—A value cannot ex-
clude all those interactions which are built as arbitrary
combinations of gLL, gLtt, gttL, gott, gott, and gfL [11].
For to, on the other hand, the standard model predicts
m =0. By obtaining an experimental upper limit of
Ato )0, one immediately gets upper limits for I gt tt
+2gttt I, IgttL+2gttL I, Igtttl, IgttL I, Igtttt I, and ««he
first time, an upper limit for lgLLI in a direct measure-
ment.

The v, spectrum and therefore the new parameter co

can be measured with a neutrino spectrometer of suffi-
cient energy resolution and known energy dependence of
the detection efficiency. One possible process is the reac-
tion ' C(v„e )' N(g. s.) which has been first explored
by a UC Irvine, LAMPF, and University of Maryland
Collaboration [12]. There, z+ stop in a beam dump and
decay into an unpolarized sample of p+. The p+ decay
with a mean lifetime of 2.2 ps, and v, are converted in a
scintillator to e . The subsequent p+ decay of ' N(g. s.)
with a mean lifetime of 15.9 ms greatly reduces back-
ground. The authors assumed the p+ to decay according
to the pure V —A law and obtained a total absorption
cross section. This method has been improved by the
KARMEN Collaboration [8] which was able to measure
the energy of the e with the high precision o(E, )//E,
=11.5%/JE (E in MeV).

The neutrino transfers its energy via a two-particle re-
action to the e with negligible recoil energy of the nu-
cleus. Therefore we have a one-to-one correspondence
between the energy E„of the v, and E, of the e with
E, =E„Q, where Q

—=17.3 MeV is the Q value of the
inverse p decay. Thus the KARMEN work constitutes
the first low-energy, high-resolution neutrino spectrome-
ter.

The KARMEN Collaboration has also assumed V—A
for p decay in order to deduce the energy dependence of
the absorption cross section. We note, however, that only
the product of the neutrino spectrum dI /dy and the ab-
sorption cross section crz(y) has been measured. Is it
possible to disentangle dI/dy and o~? Let us return to
Eq. (2). As already mentioned we can safely neglect
F3(y). Fi(y) is independent of the Lorentz structure of
the interaction and happens to correspond to the V—A
distribution. It is peaked at the intermediate energy of
E„=35.2 MeV and goes to zero at the maximal energy of
52.8 MeV. This can be easily understood for example for
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FIG. 1. Normalized energy distribution of v, from the decay
of unpolarized p+. co is the spectrum shape parameter of the v,
and is the analog of the Michel parameter p of the e+. For a
pure V —A interaction co is equal to zero.

t

V —A from the left-handedness of all particles and angu-
lar momentum conservation. The couplings which con-
tribute to co and therewith to F2(y), however, produce
particles with different chiralities which do not suppress,
but even enhance, the rate at the maximal neutrino ener-

gy (see Fig. 1). Thus a value t0WO adds events at the
spectrum end point where otherwise none are expected:
This makes the method a very sensitive precision test for
N.

The absorption cross section, on the other hand, has
never been measured independently. It has been calculat-
ed, however [13], and all the calculations show a strong
rise with energy with no small-scale structure in an ener-

gy region of a few MeV around the maximal energy of
the neutrino where the experiment is most sensitive to co.

Here only the slope of 0~ matters. We have therefore
parametrized a~ as

a(y —yo) + (y —yo) ' (5)

with a =0.14 as best value and y0=2Q/mo as threshold
energy. The slope can be changed by changing a. Figure
2 shows the resulting normalized electron energy spec-
trum for a=0.14 and for to=0 and to=0.2. Because of
the sharp rise of o with energy the upper end of the e
spectrum, which is the region of interest, is magnified as
with a looking glass. This greatly enhances the sensitivi-
ty.

With the knowledge that co is close to zero we can get
an estimate of the statistical error hco which can be
achieved for a given number N of events. For the hy-
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FIG. 2. Sensitivity of the normalized energy distribution of
e from the reaction '2C(v„e )'zN(g. s.) to at. The curves
represent the product of the v, distributions of Fig. 1 with an

absorption cross section oz parametrized by a polynomial of
second order in the electron energy E,. m is the spectrum shape
parameter of the v, .

t5 ro =0.26/ JN,
Att =1.83JJV,

p„,=+0.22,

(7a)

(7b)

(7c)

where p„, is the error correlation between co and a. Aco is

almost independent of the value of a chosen, as can be
seen from the small value of p, . Equations (7) show

that to can be determined with high precision, and that
the information about the absorption cross section
(parametrized by a) is almost independent of the infor-
mation about the shape of the v, spectrum parametrized
by N.

We have also investigated the eAect of a finite energy
resolution; with the value of the KARMEN experiment it
is negligible. The quoted error (7a) is thus quite realistic.
It should be mentioned, however, that radiative correc-
tions should be included in the data analysis.

An experimental result of co=0 and Aco=2.6x10
does not improve the existing upper limits for most of the
coupling constants except for ~gtt ~, for which we obtain

Igt.L I
(J 3 ~co,

which yields ~gLt ~

(0.37 (68% C.L.). This is already
better in precision than the value of ~gLt ~

as determined
from inverse muon decay, which relies on the relation

~gLL ~

~ 4(1 —5) [4], where 5 is obtained by dividing the
measured cross section with the cross section calculated

pothetical case of a constant absorption cross section
(a~ =const) we find

d co =1.02/JlV .

If we use the cross section of Eq. (5) instead, setting
a=0. 14, we find

for V —A. Present experiments achieved a AS between
6% and 8% [14]. It should be mentioned, however, that
the measurement of an absolute cross section is much
more prone to systematic errors than the measurement of
the shape of the neutrino spectrum. We therefore expect
that it will be the measurement of co which will determine
the absence of a scalar interaction with left-handed e and

p most precisely.
In summary we have shown that the measurement of

v, from stopped p+ decay by the reaction ' C(v„e )-
' N(g. s.) yields independently information about the ab-
sorption cross section and about the neutrino spectrum.
This constitutes a totally new kind of muon decay experi-
ment in which the new spectrum shape parameter co of
the v, can be determined with a statistical error of 0.026
for 100 events. The parameter co is the analog to the
Michel parameter p but for the neutrino spectrum. In
the standard model its value is zero. A precise measure-
ment of to allows us to give improved upper limits on the
scalar coupling ~gLL ~

with left-handed e and p which has
been determined previously only in an indirect way.
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