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massless four-component spinors), which accompangtieed thew™ in the

Peter Herczeg decaysW' - e*+vy andW* - u*+v, . The latter decays result from the
interaction
he main decay mode of the" @ is the decay into a positron and two ¥ = 2—\9/5 (ﬂen (1 yge +9,7) (1- ‘y5>,u> WA + H.c., (1)
neutrinos;iu®™ - e+ n + n’ D). In the following we shall refer to these
decays as “muon decay”. Studies of muon decay played an important role where the constargfis the gauge coupling constant associated witfSti@),
in the developments that led to tie- A theory of the weak interaction, and factor of the SM gauge group. The structure of the interaction {)Hs\, that is,
ultimately to the formulation of the electroweak component of the Standard Model the currents involved are given by the difference of the vector cufrgitand
(SM) 9. Today the main motivation for further investigations of muon decay is to the axial-vector current;y,ys|. The interaction (1) generates the depay- Vi Vel
search for deviations from the predictions of the [8M Although there is no et+ vy t EML through the exchange of\d, as shown in Figure 1. The effective
definitive experimental evidence at present for physics beyond the SM, for many interaction describing the process in Figure 1 is given by
theoretical reasons, and especially because of the large number of undetermined 2 w
parameters in the model, the existence of new physics is expected. Hoy = % (;y/\ (1- VS)VM)(;eY)\ 1- y5)e) + H.c., (2) -0 ==
In the SM the interaction that mediates muon decay, as well as the nature of the My
neutrinosn andn’, is prescribed. In extensions of the SM new interactions may
contribute to the decay mode allowed in the SM, and there may be interactions wherem,, is the mass of th&/ (m,, = 80.33+ 0.15 GeV). What is the evidence N
that give rise to new decay modes of the tyge— e"+ n + n’. In the presence regarding the description of muon decay in terms of the interaction (2)? H €
of new interactions the neutrinos are generally massive, and the weak eigenstates The presence of thé/~ exchange contribution is certain: t# boson has
and the mass eigenstates of the neutrinos generally do not coincide. been seen and studied, and its decaysehte- v, andu™* + v, have been Figure 1.
Experiments, such as the KARMHER] and LSND[3] experiments, that search detected. A question of interest, which we shall consider now, is the fraction of thie
for v,'s originating fromu™-decay are sensitive not only to oscillations of neutri- total muon-decay rate that can be attributed to this contribution.
nos intow,, but also to decays of the type” — e"+ 7, + n, d) wheren, is a The total muon-decay rate (the inverse of the muon lifetime) is given by
neutrino. The decays™ - e*+ 1, + n, are forbidden in the SM (they violate the G2m5
conservation of lepton family numbers, and some of them also the conservation of ) = —F ﬂg . 3)
the total lepton number). In this article we shall review these decays in some 192
extensions of the SM. A question of importance is at what level of sensitivity In Equation (3)Gg is the Fermi constant. Its value@ = 1.16639(2)X 107°
searches fop-appearance start to provide new information onhe- et + GeV~2[4] deduced from measurements of the muon lifetime. In the absence of
v, + n, branching ratios. The results of the LSND experiment brought added new contributions to muon deca$g is given byGg = \/592/8m\,%,. The constant
interest in this question. Could some of these branching ratios be large enough to \/§g2/8rn\,\2,can be calculated using the experimental valugsamidm,, One obtains
account for the observed excessbfevents? V2 g2\2
In any model, the decays™ - et + v, + n, (and other two-neutrino muon ( 8m?2 > =(0.99+ 0.04)G,§. 4)
decay modes) are constrained by muon-decay data obtained without observing the My
neutrinos and some also by experimental information on inverse muon decay. In the Equation (4) implies that the observed muon-decay rate can be accounted for by
section below we describe these constraints, and also the experimental information the SM contribution. It also indicates that the SM contribution is the dominant
onut - et + v, + n, from searches for-appearance. In the subsequent section one, unless there is a cancellation in the rate between the SM contribution and
we discuss the decays™ - e*+ 7, + n,in two important extensions of the SM: in some new contributions.
a class of left-right symmetric models and in the minimal supersymmetric standard Further information on the interactions involved in muon decay can be obtained
model with R-parity violation. The last section is a summary of the main points in from measurements on the positron (energy spectrum, polarizations, and angular
the article. distributions) and from the inverse muon decay processese - u~ + n,,
wheren, is a neutrino, ana__is the neutrino emitted in the dominant
a) We discuss f0|_’ definitenegs -decay. The generail‘ conc_lusyi'ons for-decay are the same. ' at o ,U«+ + neutrinodecay.
b) Unless otherwise stated, we use here the term “neutrino” for both neutrinos and antineutrinos. Thus, . .
bothn andn’ can be a neutrino or an antineutrino (or a Majorana neutrino). In geredn have If one assumes conservation of lepton family numbers, the only allowed two-
decay modes into several different paiisr(). If n and/orn’ are not mass eigenstates, then the decay neutrino decay mode of the" is u* ~ " + v, + v, wherey, and v, are in

gn?a?r:\é?jni%agggnl’s into final stateg™ + n; + e wheren andnj are the various mass eigenstates general Dirac neutrinos. The decay of #it must proceed in this case as

c) The electroweak component of the SM will be understood here to be the minimal version of the CAETA Vi and inverse muon decay ag+ € - u~ + Ve IN such a frame-
SUY2), X U(1) gauge theory, containing three families of leptons and quarks, one Higgs doublet, and work there are ten possible independent four-fermion interactions that can

only left-handed neutrinos. . T + - . . 2
d) The decayg.™ - e™+ ve + N, are the only nonstandard types that can be studied experimentally at contribute topu" - e’ + Ve + v,. One of these is of the form (2) W'@%/vav

the available facilities, since the muons decay predominately at rest, and therefore the neutrinos are not replaced by a general coupling COHS@DE//\/Z where by the subscripts we have
energetic enough to produges andr's.
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indicated that the neutrinos in both currents are left-handed. Or@ Has'2 =
(g%8m{) + ..., where the dots stand for the coupling constants of other possible
V — Alinteractions. The Fermi constant is given nowG#= |G V|2 + [x[2
where\x|2 represents the contributions of interactions with structures other than
V — A. In this framework one of the conclusions of a combined andfybisf
muon-decay data (with the neutrinos unobserved) and the inverse muon-decay
cross section is that

|G V[2> 0.925G2 . (5)

This means that not more than about 10% of the muon-decay rate can originate
from interactions other thavi — A. In addition, upper bounds have been set on the
coupling constants of other possible muon-decay interactions. The best of these is
~3 X 1072G. [4].

The analysis mentioned above is not sigfitly general, since the assumption of
lepton family number conservation is not justifi there is no reason why possible
new contributions to muon decay should respect these conservation laws. A study
of muon decay and inverse muon decay in the framework of a general interaction
that allows for lepton family number violation and total lepton number violation
has been carried out in Referefi6¢ The conclusion is that the bounds obtained in
the lepton family number conserving case|@y’|2, |G 52... apply in the general
case for sums of the squares of certain combinations of the coupling constants. The
sums which replacks, V|2, |G §2, etc., contairG, Y, G 5, etc., respectively.

The results of the general analysis im{@y that at least one of the™-decay
modes which involve the neutrino state (the neutrino state produced in the domi
nantz7— —» u~ + neutrinodecay) dominates the rate. We note yet that there is
some experimental evidence (from pion decays)rthas not the neutrino state
which accompanies the positron or the electron in nuclear beta decay. Some experi
mental information is available also on the second neutrino in muon decay. This
comes from an experiment at LAMPF|, in which the neutrinos from muon decay
were detected for therdt time. The detector wherldd with heavy water was sen
sitive to neutrinos, capable of producing electrons in the reactign- D - p +
p + e". The good agreement of the measuigd D — p + p + e~ cross section
and the calculated one in the SM indicates that the total muon decay rate contains a
substantial contribution from muon decay intorefistate, in which one of the
neutrinos is the one accompanying the positron in nuclear beta decay.

The evidence described above shows that the predictions of the SM for muon
decay are consistent with experiment. Nevertheless, the data still leave room for
relatively large (of the order of 10 percent in the rate) contributions from new
physics.

Among the possible ney™-decay modes, the class characterized by the
presence o, among the decay products can be idestithy detecting the,'s
through the inverse beta-decay reacfign- p — n + e*. Such experiments
search for botiu™ - e+ 7, + n,_decays (where, is a neutrino), and for
vge-appearance due to neutrino oscillations. A search foriginating from muon
decay was carried out already in the experiment of Refef@fcehere the
detector was ffied alternately with HO and DO. The experiment set an upper
limit B, < 0.098 (90% c.|.) on the sum of the” - e*+ v, + n branching ratios

)EnZXB(M+ - et+,+n) =2 INpt - e+ 3+ n)Mp™ - all. (6)

This limit was gradually improved by subsequent experiméitsThe best
present limit if9]
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B, <25x1073 (90% c.l.), 7)

(%
obtained in an experiment at the ISIS facility (Rutherford-Appleton Laboratory,
United Kingdom) by the KARMEN collaboration. It should be noted that the limit
(7), as well as all the previous limits, was derived under the assumption that the
energy spectrum of the,'s is the same as the energy spectrum ofﬂ}he in the
SM muon decay. Some other possibilities are under study.

The probabilityP_Ve of v, appearance found in the LSND experimi8itis

P, = (0.31+0.13 X 10 2. (8)

If the excess of events found in the experiment is interpreted as gife-toet +
Vg + Ny, decays,PT}e is the branching ratilELVe [Equation (6)]. It follows that

103 < By, <5 X 1073  (90% c.l.) . 9)
This range is not inconsistent with the upper limit (7). The interpretations of the
excesst-events in the LSND experiment in termswof — et + vg + n, decays

and in terms of neutrino oscillations are distinguishable since, unlike the branching
ratio (6), the oscillation probability depends on the distance between the neutrino
source and the detector and also on the neutrino energy.

The Decaysu™ - e* + ¥, + n, in Extensions of the Standard Model
The decayg.™ ~ " + ¥, + n, occur in many extensions of the §¥0-13.

They can be mediated at the tree level by new gauge bosons, nonstandard Higgs
bosons, and by the supersymmetric partners of the leptons. Here we shall consider

these decays in a class of left-right symmetric models and in the minimal super Vg

symmetric standard model with R-parity violation.

Left-Right Symmetric Models. These modelfl4] are attractive extensions of the
electroweak sector of the SM. They provide a framework for the understanding ¢
parity violation in the weak interaction. The SM parity violation is introduced in
an ad hoc manner, by arranging (following experiment) that\tiison couples
only to currents involving the left-handed components of the fermadafsfi These
couplings have a form analogous to those in Equation (1). The question of why p*
nature appears to select fermions of only one handedness to participate in the w
interaction is in the context of the SM unanswered. In left-right symmetric model:
(LRSM) parity violation appears in a new light. The gauge group of the simplest
LRSM is SU2), X SU2)g X U(1), which is larger than the gauge group of the
SM by theSU(2); factor. The observed-boson (called her#y ) is associated
with SU(2), , while theSU2), group accommodates a second (hitherto undetected)
charged gauge boson, tid,, which couples only to right-handed currents (i.e.,
currents involving the right-handed components of the ferm@dsfi. The model
requires the existence of right-handed neutrinps(l = e,u,7), which are the
partners of the right-handed components of the charged Igptomdoublets of
SU2)g. Thus, the right-handed neutrinos are not sterile, but participate in the
right-handed interactions. Also, the neutrinos are expected to have nonzero masses.
The general effect of thé/y can be illustrated on the example of muon decay.
The exchange of thé/; gives a second contribution to" — "+ y, + v, (see
Figure 2),® which is of theV + A form

e) For simplicity we are taking for this argument the neutrinos to be Dirac particles, and neglecting
neutrino mixing.
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Huy, = 8—2@«“ (14 vglv, ) Vev) (1 = vgle) + H.c.. (10)

In Equation (10)gy is the coupling constant associated v8it{2)s; the
coupling constant associated wih)2), is denoted now by, ; My is the mass
of Wi. If g = g, , then in the limit when the masses of Wg andW; are equal,
the sum of the effective interactions (2) and (10) conserves parity. The observed
parity violation arises through spontaneous symmetry breaking (the same mecha
nism which generates the mass of ¥ién the SM). This can make thi,
heavier than th&/ The left-handed interactions then dominate, but parity
violation is no longer maximal, since the right-handed interactions also participate.
The strength of the right-handed interactions depends on the sm;ﬁRoﬂ'he
present experimental lower bound g, is at least 300 GeV, and in most
versions ofSU(2), X SU2), X U(1) models larger. This means that the right-
handed interactions must be weaker than the usual weak interactions by at least an
order of magnitude.

The Higgs sector d6U(2), X SU2)g X U(1) models is richer than that of the
SM, in part because the gauge symmetry, which has to be broken to electro-
magnetic gauge invariance only, is larger. An attractive choice for implementing
the symmetry breaking is a Higgs sector that includes two triplets of Higgs
bosonsA _ = (Ag T, AQ,AS) andA| =(Af", AF,AP ), which couple to the right-
handed and the left-handed leptons, respectively. With this choice, and with some
additional assumptions, the model predicts a seesaw relation of the form,
m, D m|2/mW for the neutrino masses. In this version of LRSM the right-handed
neutrlnos are heavy, with masses of the ord

In the above version U2), X SU2)g X U(1) models in addition to the
usual muon-decay moge* — e* + v+ v the lepton family number violating
decaysu™ - et + y, + 1, (x = e,u,7) also occuf11]. They are mediated by the
singly charged component of tie, as shown in Figure 3.

We shall assume in the following that mixing in the leptonic sector can be
neglected. Then the decay — et + Vot v f) will be the dominant one, since
it is the only one which survives in the absence of family mixing. The effective in
teraction responsible for this decay is given by

Hy = \G@( (1+ ygv )( 41— v ) + H.c., (11)

whereG’ = — \/Efee f* /2m+2 s fee andf are& -lepton coupling constants, and
m, is the mass of thA ; the feld V|C(| = e,u) descnbes the right-handed
antiparticle ofy. The branchlng rati@u * - et + p,+ v ) B;, is given by

) _ 1, G’ 2
Blut— e+ v+ yM) = Z|G_F _ (12)

From the experimental limit (7) one obtains

f) The decayu™ - et + v, + v, was fist considered15] before the advent of gauge theories, in
connection with the question regarding the nature of the suspected conservation law, which was sup
posed to account for the apparent absence of processes likey. The decay™ - et + Vot v

would be allowed if the absence @f- ey is due to the conservation of a particular multiplicative
quantum number (“muon parity”), while both" ~ e* + ¥, + v andu - ey are forbidden by the
conservation of the additive “muon number” (WhICh is identical to the muon family number). We note
that since an interaction responsible for - e* + 7, + v is not the weak interaction, the existence

of a conserved multiplicative quantum number cannot be ruled out by the absentce @ + Vet

v, ata certain level.

Los Alamos Scienc&lumber 25 1997

The Nature of Neutrinos in Muon Decay and Physics Beyond the Standard Model

1Ge. (13)

A bound onG’ follows also from a new experimental limit on muonium te an
timuonium conversion [16]. Muonium (antimuonium) is a bound stajetofind

e~ (u~ ande’). In the model we are considering, muonium to antimuoniur con
version is mediated by the doubly charged component ¢17]. The coupling
constantG,,; of the corresponding interaction is related@bas

G’ = —4Gyy M2,/m2, wherem, is the mass of th&[". Assuming that the
mixing of A, with other Higgs #lds can be neglected, one has the relatiﬁnc
mZ, + mg)/2 [18] among the masses of th§, A}, andA. This relation and the
experimental limit|Gy;y; | < 3 X 103 (90% c.l.) [16] imply

°Ge, (14)
and therefore
Bu® - e" + v+ v,/ <15Xx 1074, (15)

which is too small to account for the LSND result. The consequences of mixing
among the Higgs dids and in the leptonic sector are under study.

In SU2), X SU2)g X U(1) models the decay™ — "+ v, + v,, and
muonium to antimuonium conversion, can give important information on the
values of thev -mass allowed in these modg¢lsl]. As in the SM, the neutrino
masses iBU2), X SU2)z X U(1) models are undetermined. In any model, the
masses and lifetimes of the neutrinos are constrained by the requirement that in
the present universe the energy density of the neutrinos does not exceed the upper
limit on the total energy density of the universe. This can be shown to imply that
neutrinos of masses betweeB85 eV and~3 GeV have to be unstable. For such
neutrinos there is a relation between their masses and lifetimes. The heavier the
neutrino, the faster it has to decay. An issue of interest is then whether in a given
model there is a decay mode which allows a given neutrino to decay fast enough.
For vy, in SU2), X SU(Z)R X U(1) models the only such decay mode turns out to
bev - Vgt v + ¥, and this only forv 's with masses in the range

40 keV =< mV# < 170 keV. (16)

The upper limit in Equation (16) is the present experimental I|mm9nCan the
v, have a mass in the range of (16)? The special role of the ﬂécaye++ Vet
v, and of muonium to antimuonium conversionS(2), X SU2)g X U(1) models
is that they can probe this question. The dominant mechanism for the decay
v, = Vet vt v, is the exchange of the neutral component ofﬁpeFor the
decay rate to be suffently Iarge,AE cannot be arbitrarily heavy. As follows from
some further considerations, this implies that the con§&ahas a lower bound for
m, ’s in the range (16). This lower bound|@’ = 7 X 104, to be compared
wn’ﬁ the bound (14). It can be shown that as the experlmental limit on the
But - et + Vot v ) becomes more and more stringent than the bound (15),
the lower bound for the possible valuesm;j in Equation (16) will become
increasingly larger.

The Minimal Supersymmetric Standard Model with R-parity Violation. Su-
persymmetry is an extension of the known space-time symmetries (the invariance
with respect to the inhomogeneous Lorentz transformations) [19]. Supersymmetry
transforms bosons (fermions) into fermions (bosons). The supersymmetric version
of the SM, the minimal supersymmetric standard model (MSSM) contains not only
the SM felds, but also their superpartners. The superpartners of the leptons and
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the quarks, for example, are spin-zero particles, called the sleptons and the vy~ Ve oscillations support the interpretation of the result of their previous ex Forschungszentrum Karlsruhe (1995),
: : : : : = ot Forschungszentrum Karlsruhe Report FZKA
squarks, respectively. Supersymmetric models can solve some of the theoretical periment in terms ob, - v, oscillations. 5684 (1995).
problems of the SM and allow the unétion of the interactions of the SM with We reviewed the decays® — e* + 7, + n, in two important extensions of [9] K. Eitel, Reference [8].
gravity. the Standard Model: in a class of left-right symmetric models and in the minimgbj P.H. Frampton and D. Ng, Phys. Rev.4B,
Unlike in the SM, in the MSSM the conservation of lepton (L) and baryon supersymmetric standard model with R-parity violation. In the version of left-rigt2#0 (1992); H. Fujii, S. Nakamura, and K. Sasa
(B) numbers is not automatic: the Lagrangian can contain L- and B-violating symmetric models where the smallness of the masses of the usual neutrinos i&rBhys. Lett. B299 342 (1993); H. Fuji, Y.
. . . . . . . . . . . Mimura, K. Sasaki, and T. Sasaki, Phys. Rev. D
gauge-invariant supersymmetric terms. To eliminate B-violation, which would lated to the large size of the scale of the right-handed interactions, the decay 49, 559 (1994).
have to be extremely weak to prevent too rapid proton decay, a discrete symmetry, ut - et + ve T v, (Which is expected to dominate among - et + Ve + N, ) [11] P. Herczeg and R. N. Mohapatra, Phys. Rev.
called R-parity symmetry, is usually imposed [20]. R-parity is a multiplicative is mediated by the singly charged component of a triplet of Higgs bdsorss-  Lett. 69, 2475 (1992).
quantum number, whose value+id for the SM particles, ané 1 for the super suming that the mixing ok with other Higgs #lds can be neglected, the upper [12] A. Halprin and A. Masiero, Phys. Rev. D
partners. The requirement of R-parity invariance eliminates not only the B-violat limit on thep™ - et + Vo t+ v, branching ratio turns out to bel0~# (implied ?18']22?27 \(/tggg)énd W-S. Hou, Phys. Rev. D
ing terms, but also the L-violating ones. Alternatively, with a different choice of by the present limit on muonium to antimuonium conversion). This is an order §f roge2 (1994). ' o
the discrete symmetry, it is possible to arrange that the L-violating terms remain. magnitude below the range required to account for the LSND result. In the mini4] J. C. Pati and A. Salam, Phys. Rev1@®
Vel Vi The presence of R-parity violating terms in the Lagrangian has rich phenomeno mal supersymmetric standard model with R-parity violation the upper limit on tR& (1974); R. N. Mohapatra and J. C. Pati,
logical consequences. One of these is that they allow the production of single sum of theu* — e* + 7, + n, branching ratios is-2 X 104, assuming that lep Ehﬁ' Sgﬁ;\iﬂ?f?hﬁg@v%ngéin?fggsd)-
superpartners (in R-parity-conserving models the superpartners have te be pro ton and slepton mixing is small. A further study,of — e + ¥, + n, decays in &'\ mohapatra and G. SenjanaPhys. Rev.
l;lL duced in pairs). Another is that they give rise to some new processes that are for the above models, and also in other extensions of the standard model is in  Lett. 44, 912 (1980) and Phys. Rev.d3, 165
—_ bidden in the SM. Among these are new two-neutrino decays of the muon. progress. (1981). _
The decayu™ - et + ¥+ v, has been considered in this model in Reference To improve the sensitivity of experiments searchinguér— e + v, + n, [15t1 %5- ggei”bleggla”d S. Weinberg, Phys. Rev.
[12]. It is mediated by the superpartrigrof the left-handed component of the decays remains important. In the case of left-right symmetric models improved[‘leG]'Vi Meyér (for).the Muonium—Antimuonium
as shown in Figure 4. The corresponding interaction is of the form limits on theu™ - et + Ve T vy, branching ratio would also provide information cojiaboration), paper presented at 8igth Con
u* et G on the mass of the muon neutrino in these models. ference on the Intersections of Particle and Nu
H. = W(ﬂl - ys)ve)@u(l + y5)e> + H.c., (17) K/Ilzf;l/r;h_sgsljcr:z (z?llPéAgl\;l_DWBig Sky, Montana,

. ” \/— % 2 . , [17] A. Halprin, Phys. Rev. Leté8, 1313
Figure 4. whereG”/\V2= A3, A55/4m =, m_ is the mass of thg , and thex’s are cou (1982).

. LT T . . .
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