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ABSTRACT
The attempts at an implementation of muon number nonconservation
in the gauge theory framework are presented. After discussing the ex-
perimental and theoretical constraints in constructing models, we focus
on the proposed explanations for a possible violation of muon number
and investigate the experimental implications.
The background of p — e+ due to radiative muon decay is analyzed

with the conclusion that it cannot explain the six events seen at SIN.
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I. INTRODUCTION

Recent months have witnessed considerable excitement in weak interaction
theory which was initiated by reports of unpublished experimental results.
Theorists constructed explanations, sometimes behind closed doors, and
papers appeared at a rate of two per day. 1 Why was there so much interest in
the particular reaction g — e++vy - even without useful experimental results?

The successful unification of weak and electromagnetic interactions within

the framework of non-Abelian gauge theories led to the triumphant discoveries
of neutral currents and most recently to the detection of charmed particles. 2

One would be tempted to conclude that the first SU2 X U, model by Weinberg and

1
Salam3 correctly describes all known data and phenomena in weak interaction
physics. However, in recent years more and more experimental information
has accumulated which clearly indicates inconsistencies and hints at needed ex-
tensions. Many attempts at generalization of the "minimal' model have there-
fore been proposed recently which extend the number of quarks, leptons, gauge
bosons, and needed Higgs particles beyond the simplest construction. At pres-
ent, there exists a great deal of latitude in generalizing the minimal model, a
freedom which can only be reduced by more experimental and theoretical limi-
tations. The reaction 4 — e +vy, currently being sought at various "meson fac-
tories', can provide new constraints in this undertaking. In the minimal SUZ X
U1 model it could not occur; attempts to accommodate it in a more general
framework immediately led to the more fundamental question: How can muon
number nonconservation be incorporated into gauge theories?

Study of these questions revealed that violation of muon number can easily

be obtained and it is rather the experimentally suppressed rate which needs to

be understood. The explanations put forward can be grouped as follows:




(i) more Higgs doublets

(ii) left-handed mixing schemes

(iii) right-handed mixing schemes

(iv) other schemes.

TI;e focus on these theoretical aspects of gauge theories also naturally leads
to inspection of a number of other muon number nonconserving proc:esses4 such
as

- pu-—-e+y and p — eee

- B+ (AZ) — e+ (A7)

- KL——eﬁ and K — mey

all of which provide constraints on weak model building and the mechanisms of
lepton number violation,

One of the most interesting aspects of muon number nonconservation is that
its explanation requires Feynman diagrams with new virtual leptons and/or bo-
sons, Study of higher order weak interaction effects leads us to hypothesize
upon the existence of new, as yet undiscovered, leptons in the theory whose ex-
istence may only be verified after years of effort.

This paper gives an introduction to the present problems in weak interac-
tion theory and seeks to describe the theoretical and phenomenological questions
arising in the experimental search for muon number violating transitions. Data
on the well-known muon decay modes have become a.vaila.ble5 and will be ana-
lyzed. In particular, we will concentrate on the radiative decay u — eVev“y and
discuss its electron and photon energy distribution.

This paper is organized as follows: In Section II we briefly present the
minimal (or standard) SU2 X U1 model with its basic theoretical characteristics

and the attempts at its generaliza’cion;16 we sketch its successes and
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shortcomings in describing the available data. Section III reviews the theoret-
ical explanations for muon number violation in weak interactions and discusses
the predictions and implications of these schemes for the above reactions. Sec-
tion IV is devoted to an analysis of the recently available data on p-decay from
SIN5 and gives predictions for the background reaction u — egevﬂ'yo Our con-~
clusions are presented in Section V.
II. sy, x U1 MODELS AND BEYOND

The successful unification of weak and electromagnetic interactions within
one framework provided the instrument required for a satisfactory description
of weak processes at very high energies. The construction of this theory is not
unique but the elegance of the first, most simple, SU2 % U1 model is considered
as the most convincing guide for a generalization of this framework, including

more than the four familiar leptons.

1. The Minimal SU2 X U1 Model

Leptons are grouped in left-handed doublets

()

and right-handed singlets

1+'y5
=0

(),

| ' “75)
where e, 1, ... stand for the electron, ... fields. The Lagrangian then reads
& = @
= G+ 4
with

QO = &% + 28" + Z®) + 2(L)

and

% =Z[§E(]&?)L - gzl(EBL + ZﬁBR)]
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A and B* are a triplet and a singlet of four-component vector fields. Linear
combinations of these vector fields describe the charged and neutral W-bosons
and the photon.,

N?tice that the first term in QI describes the SU2 part and the second one,
which commutes with the generators of the SU2 group must be of Ul-typeo Thus
the minimal group of this model is SU, % U’1° Therefore, once the doublets and
singlets of the assumed leptons are formed and the group structure is specified,
the interaction Lagrangian is determined. In the above form all particles are
supposed to be massless. The masses are generated through spontaneous sym-
metry breaking by the coupling of (at least) one doublet of scalar fields /¢Z> to
the vector fields A% and B* and the fermions in the theory. One can nov?f5 go
through the same chain of arguments in constructing the weak interaction La-
grangian for quarks. We therefore can limit ourselves from now on to the
grouping of the fermions, the vector bosons, and the Higgs mesons of the min-

imal model, which is well known., 6

The charged and neutral currents are easily evaluated

M = 7 K —
ot 2L yH (v,

Mol 3 . 3 _ o ainl )
f, = 5 TP vt - v, l-2sin® oy, -

where !21 (122) refers to the upper (lower) component of the doublets and jg m
stands for the electromagnetic current. HW

This framework can easily be generalized by admitting more leptons in the

is the Weinberg angle.

SU2 X U1 scheme or by using a different classification group for the leptons with
possibly more leptons. The constraints in such an undertaking are: close analogy
between the hadronic and leptonic sector (which of course can be given up), sim-
plicity and theoretical attractiveness, and correct description of the experimental

results,
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Properties of the Minimal Model6

The model presented above implies a number of fundamental theoretical and

phenomenological consequences which are expected to be satisfied by any more

general scheme.

()
(i)

The theory is free of anomalies and can be renormalized.

The quark and lepton masses, as well as the Cabibbo angle, are param-
eters of the theory. No mass relation exists, nor does there exist any
understanding of the mass pattern. The masses of the vector bosons are
related by m, = mW/ cos GW due to their generation by spontaneous sym-
metry breaking; the magnitude of the masses is determined by the coupling
parameters g and g' and the vacuum expectation value <¢°> » Which also de-

termines the Higgs-meson mass.

(iii) Universality of weak couplings still holds; the muon doublet couples to the

(iv)

v)

intermediate vector bosons with the same strength as does the electron
doublet.

There is no CP-violation in the minimal model with one Higgs doublet only.
It can however be included in three different ways: (1) We remain within the
framework of the standard model but introduce a larger set of Higgs doub-
lets; this permits introduction of an arbitrary relative phase parameter be-
tween the interactions of different Higgs particles, which will result in CP-
violation. (2) The right-handed quarks are grouped in doublets too, which
results in new currents. (3) In the framework of the standard model with
V-A structure, more quark-doublets are introduced; at least six quarks then
are needed.

Charm is the only new degree of freedom which can be produced in deep-

inelastic lepton~scattering and in e'e” annihilation processes. A number of
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new weak interaction models with additional quarks and leptons have been
suggested, which, however, in most cases are lacking compelling theoret-
ical elegance and/or have to be abandoned if their predictions are con-
fronted with the data.

(vi) T};e neutral current Z° is a superposition of vector and axial vector cur-
rents; consequently 7° exchange leads to parity violation. However, models
with six (or more) basic fermions and left- as well as right-handed doublets
lead to parity conserving neutral currents.

(vii) The flavor-changing neutral currents and the AS = 2 effects are naturally
suppressed to order O(GF) and O(aGF),, This suppression takes place in
any SU2 X U1 model under the following conditions: (1) Quarks of a given
charge and chirality have the same weak _'fz and T3., (2) Quarks of a given
charge receive their mass either from a gauge-invariant bare mass term
or from their couplings with a single neutral Higgs field. These results
have been extended to suppress naturally AS = 2 transitions which may (or
may not) violate CP~invariance. The needed condition, additional to the
ones given above (without the bare mass option), is: (3) quarks of charge q
and quarks of charge q = 1 do not belong to the same multiplet for at least
one chirality. 7

(viii) Baryon and lepton numbers are conserved and in addition electron number
and muon number are separately conserved. This is a limitation of the
minimal model which can easily be modified in many ways such that muon
number is no longer conserved. In analogy to the suppression mechanisms
in the hadronic sector, Lee and Shrock26 have determined the general con-
ditions, in the framework of SU2 ® Ul’ under which muon number violating

transitions are possible, but naturally suppressed, i.e., suppressed like



and the minimal SU2 XU

2
F-a"-ér—;— . These are: (1) leptons of a given charge receive their mass

My

from couplings with a single neutral Higgs field, (2) leptons of a given

G

charge and chirality have the same weak T and TS’ and (3) leptons of
charge q and leptons of charge q * 1 do not belong to the same isomultiplet
for at least one chirality. Through specific model studies they found that,
for a measurable effect of muon number violation, a model must include at
least one massive neutral or doubly charged heavy lepton which is coupled
to both electron and muon..

Phenomenological Constraints

The most impressive successes of non-Abelian gauge theories in general

1 model in particular are, without doubt, the discov-

eries of neutral currents and most recently of charmed particles. We therefore

briefly enumerate in the following the data characteristics which stand in favor

of the gauge theory framework together with the recently accumulated experi-

mental evidence that extension of the minimal SU2 X U1 model might be con~

sidered., These are:

(1)

(if)

The charged heavy leptons Ti, which most likely couple to their own neu-
trinos v _, have to be includedu8

The ratio of deep-inelastic charged current cross sections R = o(V — ,u+) /
o(v — p) is expected to remain constant (~ 1/3) as we ‘go to higher energies
- instead it rises substantially around EV ~80 GeV. The average value of
the g—; (v — ,u+) ~distribution also rises in this region, whereas for neu-
trinos it does not change significantly with increasing energy. 9 Qualita-
tively such an effect was expected in strong interaction dynamics due to

scaling violations implied by an underlying field theory (QCD). The
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(iv)

(v)

(vi)
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experimental effect is however larger; it is well described by assuming
that another b-quark exists which is grouped together with a u-quark in a
right-handed doublet, 1°

The ratios of neutral to charged currents

VooV —~p) V(v )

+ =

are both nonzero., The measurement of these ratios proved to be the key
stone in the establishment of neutral currents. The '"ratio of ratios"

R

RV O’(V — V)

|
i
2
<
}
<
o
o

RVE

is significantly different from unity, 1

Similar results exist for elastic neutrino-proton scattering where one finds
o(Vp — Vp) < o(¥p — ¥p)
In veTe and V“~e scattering the situation is less clear. 12
In the minimal model, Zo—excha.nge leads to parity violation which is pres-
ently tested in atomic physics experiments on bismuth. Two groups have
recently published a result that seems to be significantly below the pre-
dictions of the minimal model which would indicate no parity violating
terms in neutral currents. The theoretical and experimental analysis of
this experiment is still in progress. 13
The value of R = o(e e — hadrons)/cr(e+e_ —u'u7) provides us with a mea-
sure of the sum of the squared charges of all fundamental pointlike fermions
which are produced at a given energy. In the range 4.5 < Ecn 2 8 GeV
the value of R is approximately constant and is given by R ~5 - 5.5. The
minimal model predicts 3ln Approximately 2 £ 1 units of R remain unéx-

3
plained. 14 They may be due to additional quarks and/or additional leptons.
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The absolute minimum would be one charged lepton or one quark with Q =
2

+3 o

(vii) Most recently the production of six trimuon events has been reported which
are considered as possible evidence for the sequential decay of new heavy
leptons, 15 and the existence of neutral heavy leptons is anticipated. 16
Besides the above-presented experimental information which imposes strong

constraints on ""model-building" in weak interaction theory, more restrictions

are expected from data in the near future:

(i) If muon number violating transitions indeed are found the minimal model
needs modification to include and predict the correct rate of such effects.
Possible explanations are given in Section IIIL. |

(ii) Experimental tests of CP~violation are not simple, but might lead to posi-
tive results in charmed particles decays. 17

4, New Models6
Despite the constraints imposed by phenomenology and by the expected theo-

retical properties to be satisfied by a 'good" theory, there is still considerable

freedom in such constructions which is reflected by the wide variety of new
models being proposed. In the framework of SU2 X Ul we mention four types of
models:

-  Extended Minimal Model: The minimal model is enlarged by adding the

v
quark doublet ({:))L in the hadronic sector and the lepton doublet ( 7_-) in the
T /L

leptonic sector; their right-handed partners as well as all possible other
new fermions (such as neutral heavy leptons) are assumed to be in the right-
handed singlet part.

- The Vector Model: A substantially different way of extending the minimal

SU2 X U, model is to accept left- and right-handed doublets only and to

1
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exclude any singlet parts in the hadronic as well as leptonic sector. The
smallest vectorlike scheme of this kind is based on six quark flavors and
six lepton flavors which include new neutral and charged heavy leptons.
This model is distinct in that it reduces to a pure vector theory if the
masses of leptons and quarks are set to zero; neutral currents are there-
fore vectors and have no intrinsic axial vector parts.
Parity violation is not intrinsic (as for instance in the 'extended standard
model') but is due to the presence of parity-violating terms in the fermion

mass matrix.

The Ambidextrous Model:18 Since the 'high-y anomaly" is not satisfactorily

explained by the extended standard -model.and the vector model removes the
parity-violating characteristics believed to be intrinsic in weak interac-
tions, a unifying model has been proposed which goes beyond the established
group structure of the simplest model and uses (SU2)L x (SU2)R % Ulo Six
quark and six lepton flavors are assumed which include heavy neutral and
charged leptons. All flavors of (SUZ)L are singlets under (SU2)R and vice
versa and only (EO, MO, UO)L are overall singlets under both groups. This
model goes beyond the conventional three vector bosons (Wi,WO) and intro-
duces a pair of triplets WL,R € (SUZ)L,R and a singlet X € U1 - thus seven
gauge bosons in all, In addition at least three multiplets of Higgs mesons
are assumed.

Triplet Models:19 The models presented above all assume two-dimensional

extensions of the minimal model. One can assume three-dimensional ex-

tensions instead - still within the framework of SU2 XU Such suggestions

10
admit the appearance of doubly charged leptons (E++, MH) and new quarks

(2, v) with the unusual charges 5/3 and -4/3. At least two Higgs triplets are
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then required and many scalar particles, some doubly charged, are ex-~
pected. In contrast to the minimal model, the neutral current coupling to
the electron and muon is purely vector. A variation of this scheme, put-
ting the doubly charged leptons together with electron and muon in right-
handed doublets, leads to parity violation twice as strong as in the minimal
model. A spectacular rise of R in e+e— annihilation should be seen as we
go to higher energies.

Obviously one can completely abandon SU2 x Ul models and go to more

complex group structures. However the problem then arises of how to select

the right group from the variety of possibilities. 2 One way is to try higher di-

mensional groups like SU3 X U, ... seeking to incorporate all theoretical prop-

1
erties and data characteristics assembled so far. Weinberg and Leae20 have re-
cently proposed such a model which accounts for the trimuon events. 15 The
eight quarks of this model are grouped in two left- and two right-handed triplets
whereas the twelve leptons, six '""conventional" and six new, are in three left-
handed and three right-handed triplets. This theory needs an octet and one
singlet of vector fields V‘l; which act between the different groupings of the fer-
mions. The interaction Lagrangian which contains the full symmetry structure
of the model reads:

2 = I%[% ;E(VaAa)L + E(Vaha)R% - %%EWOL‘ + RN R ”

In general, in such models strangeness-changing neutral currents are not sup-
pressed and the universality of lepton couplings is destroyed, However, these
characteristics can be maintained by imposing a discrete symmetry R under

which gauge bosons and right-handed fermions are invariant whereas left-

handed fermions change sign.
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The similar space-time structure of quarks and leptons has led to the hy-
pothesis that they might belong to the same multiplet of fundamental fermions.
If weak and electromagnetic interactions are described by a (Weinberg-Salam)
vector gauge theory and the strong interactions are described by a vector gauge
theory (Quantum Chromo Dynamics) as well, then perhaps there is one large
representation including all gauge bosons. Such a point of view has initiated the
search for a larger group G which can incorporate (SUB)color and (SU2 X Ul)we ok
in one "grand unification”. As a minimal example, SU5 has been suggested,21
while the group E7 is considered as an interesting candidate for a maximal
model.22 The E 7—scheme is maximal in the sense that it incorporates all
quarks and all leptons in one multiplet. Its main predictive power is a conse-
quence of the explicit set of fermions which cannot be extended. The main dif-
ficulties with these unification schemes are:

(i) New gauge bosons (leptoquarks) are predicted which convert quarks into
leptons and vice versa.
(ii). Baryon number is violated and/or lepton number is conserved.

What do we conclude from the above ? Determining the correct extension of
the simplest unifying scheme is difficult, mainly because the number of existing
fermions in the theory is unknown and since possible extensions of its group
structure are almost unconstrained by the experiment. More theoretical and ex~
perimental constraints are needed. One such new constraint, the violation of

muon number, will be considered in the following section.
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III. p — et+y: NONCONSERVATION OF MUON NUMBER
The study of muon number violation within the framework of gauge theories
leads to a wealth of possible explanations. 1 These theoretical investigations
stimglated the exploration of further experimental tests for such a property in
nature. Aside from the decay p — e+y, which obviously could give direct proof,
other reactions have been suggested which will be presented before concen-
trating on the proposed mechanisms for muon number nonconservation.

1. Experimental Tests

The proposed experimental tests can be grouped into three classes: muon
decays, K-decays and p~e conversion on nuclei.

p-decays: The decay u — e+Y is described by the matrix element

M(u —e+y) = G (EypHp Vs) i - e T e u, (TE‘") (3.1)
[

leading to the decay width

am

The angular distribution of the outgoing electron (positron) with respect to the

initial polarization vector ﬁ is
I.(6) = 1+ a cos 6 (3.3)
where cos e:-f)e~ﬁ; the asymmetry parameter « is

2Re(f* . f...)
M1 'E1
5 (3.4)

o= 5
iy I+ Mgy
Therefore measurement of the electron decay's angular distribution determines the

relative sizes of fMl and fEl which are specified differently by different models



-15 -

of this decay. The dominant p-decay mode is p — e;_/ey“ with a width:

r =% K (3.5)
® 3
192 «

In gauge theories p — e+y only occurs through virtual transitions (Fig. 1) which
can involve intermediate Higgs-, W- and Z ©_bosons and a photon as well as the
allowed charged and neutral leptons of the theory.

The decay p — eee, as will be seen later, can be decisive in distinguishing
between different muon number violating mechanisms. Such a process cer-
tainly can occur through photon exchange. Substantial contributions can also
come from Zo—exchange or a loop involving charged W-bosons (Fig. 2).

K-decays: The decay KL — e as compared to K. — pu can give further

L
information; it forms the hadronic analogue to u — eee apart from the fact that
Zo—exchange is excluded due to the GIM-mechanism which suppresses all
strangeness changing neutral currents. The (u,e) pair on one side of the dia-
grams in Fig. 2 is replaced by the (s, d) quark-pair which forms the K-meson.
Thus the loop-diagram of Fig. 3 is appropriate for the description of

K, — el; K,
ation of the vy exchange which turns out to be substantial. Similarly search

— up however is not adequately described and requires consider-

for K — mep and its comparison with the muon number conserving process
K — mee will be interesting since this process is described by s — deg which
is just Fig. 3 with the d-quark line crossed.

p—e conversion23: A muon trapped in the field of a nucleus with atomic

number A and charge Z is usually converted to a neutrino by the process

g+ (A,Z) - V“ + (Aﬁz-l)
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However if muon number is not conserved, the conversion

p+ (AZ) —e+ (A,Z)
can not be excluded and in fact is predicted to be quite substantial in specific
models. A number of authors investigated the theory of this process about 25
years: ago—experimental searches are expected to provide results in the near
future. 24 The theoretical description of ue~conversion requires consideration
of Zo-exchange between the lepton pair and the quark-pair as well as investi-
gation of the resulting W-loops (see Fig. 4). The u — e vertex is described by
the most general Lorentz-invariant ansatz for <p,lJ“ le> which introduces the
four form factors fEO’ fEl’ fMO’ fMl;

diagrams. The relative rate of the above two processes then is

their size is specified by the chosen

R €)= %P'*—e? = 3217 0”2 (F 1 - £(0)

®—v)
) . (3.6)
gty + Mg tig
8G_.-m
F u

FNN' is the inelastic nucleon form factor and Z represents the nucleon charge:

Z- | 2~6-’7.

FNN"
In the preceding subsection we have presented experiments where muon-
number violation could be detected and introduced the Feynman diagrams for
the description of such phenomenon. The essential questions now are:
(i) what are the leptonic fermions in the theory and how are they
related?
(ii) what is their coupling strength?
(iii) what is their dynamical behavior, V+A or V-A?

The answer to these questions is closely related to the choice of a gauge theory

model; once it is fixed the counting rates for the above processes can formally
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be determined and the only undetermined quantities remaining are masses,
mixing parameters, Higgs couplings, etc.

2. Higgs Mesons25

The introduction of a second doublet of Higgs particles in the minimal

SU2 x U, model is a first possibility leading to muon number nonconservation.

1

Doublets, consisting of charged and neutral Higgs fields, couple to the leptons

in SU2 X U1 invariant manner through
-+
z =2 A LaR o =(" (3.7)
Higgs i S i~ ¢o :

The leading contributions to p — ey decay are not the one-loop diagrams of the
type shown in Fig. 1b since the Higgs—lepton couplings are weak; such diagrams
make a small contribution as compared to the two-loop graphs (Fig. 5) in which

the Higgs bosons couple only once to leptons. The ratio of these two contribu-

tions is
m 2
1 loop %2_7_7 £ . (3.8)
2 loop o \My

For me > 3 GeV the two-~loop diagram clearly dominates and the branching ratio
to the standard weak process becomes

3
BR(g — e+y) ~ 3 (%) ~ax1078 | (3.9)

It is interesting to note that this value is independent of any masses in the theory.
Since fEffMl’ the angular distribution for pt+ — e++~y will be (1-cos ). What

is the size of the other muon number violating processes? u — eyy could in
principle occur through single Higgs-exchange however the counting rate is
substantially below p — e+y and therefore this process is expected to be domi-

nated by inner bremsstrahlung. The reaction u — 3e also can occur via tree
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Higgs-exchange with

m2m2
BR(u— 3e)~ —2= x 0(1) g 10711 (3.10)
My

which indicates that this mechanism is strongly suppressed for larger values
of the Higgs boson mass. Muon number violating K-decays such as KL — el

and K — mpe could in principle be substantial; however the KL-KS mass differ-

ence and the KL — upt rate then would become too large; if only one Higgs doublet
couples to the quarks all such decays are forbidden in lowest order and no

problem arises.

N — eN conversion by single Higgs exchange is suppressed with respect
to the analogous neutrino transition uyN — yN by a factor

2 m2 In2

Ru—~E)~ o 1717 £ 1T g 1070 (3.11)
My

which is just below the experimental limit if m_ =30 GeV and if the nucleon

H

~mass arising from the "bare'" quark masses m;‘\f 100 MeV; for smaller Higgs

boson masses a much larger rate could be obtained. A and Z are the atomic

number and the charge of the nucleus and F is the elastic form factor at
o =m?
u

3. Left-Handed Mixing26

In the hadronic sector of the minimal SU2 X U1 model the d and s quarks

appear as mixed states, The assumption of small neutrino masses (my < 30 eV,
e
mV < 500 eV) then admits muon number violation through a leptonic version of
71
the Cabbibo rotation:
v cos ¢ sin ¢ v
°)= < > 1 (3.12)
v -sin ¢ cos ¢ Vo

i)
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Such a theory allows p — ety transitions since Ve and VIJ« may appear as mixed
intermediate states in the loops of Fig. 1 giving:

BR(u —e% =_3_35a7_r_ sin ¢ cos ¢ (3.13)

Even if a large violation of muon number is introduced by a large mixing angle,

the induced rate is far too small to be measurable: BR{u —ey) g 10"26

; this
can not be the correct explanation of such effect. The above method however
indicates how sizable effects of muon number nonconservation in the framework
of SU2 X U1 still can be achieved if new particles, grouped in doublets or
triplets, are admitted.

The most obvious extension of the minimal SU2 X U1 model is obtained by

adding a third (or more) left~handed doublet(s) (g_ .. ) where L here stands

L
for massive (or massless) neutral leptons and U™ for the charged ones. Their
right-handed partners are all singlets.  This generalized model, as it stands,
still can not accommodate muon number violation unless mixing of the neutral
lepton states Lj through the matrix ¢ is allowed: (LJ!) = (& ij)' (Li)' The amount
of muon number nonconservation then is hidden in the matrix elements & if"
The evaluation of the rates for 4 — ey, 4 — 3e and 4 — e conversion needs

consideration of the Feynman diagrams in Figs. 1, 2, 4 with L being the only

intermediate lepton. The result is

3a 2

BR(u — ey) = 355 )
3 /o 2 2

BR( — 3¢) = =5 (?) (54) (3. 14)
2 .

2

Rz — e) =f§ (9‘7;) : (5(1+A))2-Z-IFNN.I

2
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2 2 . .
— . EX . = . i
where § = l£23 §13| € and € = mL/MW A is a complicated function dependent on
In €, the charge Z and atomic number A of the nucleus, the weak hypercharge
YS of S+ and the Weinberg angle GW; its explicit form is given in Ref. 27
(Eq. (14b)). Note that the u — ey transition depends only on the form factors

fMl and f whereas p — 3e is a function of fE and f both types of form

E1’ 0 Mo’
factors influence u—e conversion. All three rates depend in a simple way on
the mixing parameters of the theory; the amount of muon number violation is
the same in all three processes. The 513' are only constrained by the require-

1

ment of u-e universality, giving Ig’{ < 107" - 10—2. However there are

3523
differences in the contributing and dominating diagrams which substantially
influence the "branching ratios" of the various processes and consequently the
L-mass dependences are different. pu — ey is dominated by Fig. la with a
charged W-boson loop where the outgoing photon is attached. p —3e andu —e
conversion are dominated by Z-exchange and the W-loops (Fig. 2) which bring

the additional In e factor. Choosing m, ~10 GeV, MW ~ 60 GeV and

L
|§{3523I ~ 0.05 - 0.005, the numerical values given in Table I result. Note
that u — 3e is on the %-level of p —evy. The ratio of these two processes is
independent of the mixing parameters and proportional to ln2 €. The origin

of this term can be traced back to the Z-exchange diagram. We thus obtain
information on the mass of the neutral heavy lepton. Comparing R(u — e) from
pe-conversion with the branching ratio for u — ey one finds the surprisingly
large number of ~30. Thus if a left-handed neutral heavy lepton is the reason
for muon number violation such effect should be detectable in pe-conversion
experiment. The angular distribution of the positron in u+ — e+'y is (1-cos 6)

due to the left-handedness of the new L-lepton. If L the rate falls below

=vy,

the measurable values and other mechanisms have to be sought; the massiveness
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of the neutral heavy lepton is essential. Estimates for K, - el and K — 7ej
lead to unmeasurably small values.

An alternative method of extending the minimal SU2 X U1 model, while
retaining a left-handed scheme, is obtained if doubly charged heavy leptons
(= 'heptons') are admitted which are added to the "old" doublets forming now

triplets. 19 Heptons are supposed to be mixed states of two mass eigenstates

with masses mp and mp with a mixing angle ¢; mixing with other lepton
1 2

states does not occur. Lepton number violation here proceeds in close analogy
to the above scheme; in all loop diagrams the propagating leptonic fermions

now are the heptons. The rates for yu — ey, u — 3e and for y — e conversion

are:
BR(u — ey) = -;—%O;‘ 52
2
1 2
BR(u — 3¢) = & (%) .5 (3.15)
2
(o 2 2
R —e) = (37r> ARV
where
S = c . s '= .
JZ 1j c2J e] 6 Z]: ClJ 023 In e]
with
i
L,
€. = —t
I M2
A

The expansion coefficients Clj(CZj) parametrize the amount of e(u) --Lj coupling
and are therefore proportional to the mixing angle ¢, thus §= sin¢ cos ¢ ('61-62)

and similarly for §'. The most interesting predictions here are the large
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rates for u — 3e and for pe-conversion in comparison to 4 — ey; one finds

B —3€ 10 ang SOUVEISION | 540, The first ratio is (m )'4 mass-dependent
p — ey p — ey L

and was obtained for typical values my o~ 4 GeV whereas in the second one no
mass seems to appear. No predictions exist for the K-decays. The numerical

values of this model are summarized in Table I.

4. Right-Handed Mixing>®

In seeking an extension of the minimal model in a way substantially dif-
ferent from a left-handed scheme, one is naturally led to consider the possi-
bility of introducing neutral heavy leptons in right-handed doublets. The
characteristic properties of such vector-like schemes have been presented
earlier. The new neutral leptons which group together with a right-handed
electron and a right-handed muon are assumed to be mixed like in the neutrino
case (see Eq. (3.12)) with mass eigenstates N1 and N 9 whereas the charged
leptons are not. Of course more involved mixing schemes with more doublets
are quite possible. The scheme introduced sofar admits only right-handed
couplings of the two massive neutral leptons with their leptonic partners. There
is however a small probability of left~handed couplings to ey, by, which comes
through diagonalization of the lepton mass matrix. Such a step is needed in
order to have cancellation of the leading contributions in the one-loop diagrams
for u — ety transitions such that th‘e muon number changing effects remain on

the 0 (Gi,) -level. 28

What are the predictions of this model?
The rates for the processes under consideration are determined by the
formulas

- o5 (¢) (S )

j
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2
BR(u — 36€) = ;% (%) (}_Jj 5jAj>2

0 . (3.16)
R — ) =;}§ (%) (Zjaj(m\j)) .7 'ENN"Z

where 63_, ej and A]. are defined as in Eq. (3.14) for each neutral heavy lepton
Lj; the mixing parameters 513‘ are replaced by cos ¢ and sin ¢, thus
61 = sin¢ cos ¢ €15 0y = -sin ¢ cos ¢ €90 etc. The calculations leading to these
results show that the RR transitions in Fig. 1 give the "right" order of magni-
tude, however LR transitions which are possible due to mixing of the left-
handed neutrinos with the neutral heavy leptons, give contributions six times
bigger and with opposite sign; therefore the difference of a factor 25 in the
final result! It is again interesting to compare the relative rates which reveal
p—3e 3% and conversion 40% and indicate that p — e conversion is sub-
g —ey p—ey
stantial in this model whereas p — 3e is on the few percent level. More precise
predictions depend on the parameters of the theory such as the masses of the
neutral heavy leptons, the amount of mixing, etc. KL — ept decay is expected
on the percent level of K; — o whose branching ratio is ~10-8, but K — meu
is strongly suppressed relative to K — ep and offers little hope as a test.
Because of the ideas described above, neutral heavy leptons have recently come
into prominence in theoretical and experimental research. They are expected
to be detectable in e+e—-beams at PEP/PETRA energies through the er and
ppy~decay modes. 16 Searches in neutrino induced reactions might lead to their
discovery and the semi-leptonic decay products of charmed particles could

contain N's. 29
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5. Other Schemes

The above presented explanations of muon number nonconservation rely,
from a phenomenological point of view, on the most obvious possibilities for
extension of the minimal model. There exist a few attempts which employ less

familiar assumptions but can not be ruled out at the present time as a possible

explanation.

Bigger Groups? Once the framework of SUZ X U1 is abandoned the existence
of more W-bosons is inevitable. One might try SU3 X Ul as has been suggested
and investigated in a different context by a number of authors. 20 A represen-
tative example was presented in Section II. 4.

In analogy to the hadron sector where SU 4 flavor now '"dominates the scene"
one might suggest SU 4 % U1 for the lepton sector. 30 Twelve new W-bosons
result, but no new leptons have to be introduced. The "right" transition rates
for muon number violating processes can be accommodated by appropriate
mixing of the charged W-bosons.

Based on an attempt to accommodate strong, electromagnetic, weak, ...
interactions in one unifying scheme in which parity and time reversal (discrete
symmetries which stand on an equal footing with the discrete symmetries of
SUn(strong) X SUn(weak)) are spontaneously broken, one might be tempted to
consider the consequences of a theory with the group structure

(SU2)L x (SU X (U\zf). The elements of (SUz)L are the doublets of the minimal

Z)R

model whereas the elements of (SU are doublets which contain new neutral

2) R
heavy leptons together with electron and muon. Four W';‘ and four W‘;{ are
assumed to exist. u — ey transition with a rate just below the present experi-

mental limit can be explained; u — 3e is dominated by Dalitz pairs. 31
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Muon Quantum Number ? Without introducing any new leptonic particles

muon number violation can be achieved by the introduction of an extra quantum
number which all fields other than muon and its neutrino must have. In addition
to the fermions of the minimal model, right-handed electron and muon neutrinos,
grouped as singlets, are assumed. 32 A minimum of 5 complex doublets of
Higgs fields is required which are characterized by the new muon quantum
number. The resulting rates for the processes, discussed earlier, are given

in Table I. The most spectacular characteristic of this model is that there is

no angular asymmetry in polarized muon decay!

H-Boson? In the framework of the extended minimal model with six leptons
and six quarks, the existence of a scalar boson H has been postulated which is
assumed to be a singlet under the gauge groups SU‘_2 and Ul;33 therefore its
coupling to left- and right-handed singlets and doublets becomes possible. The
counting rates are summarized in Table I. Depending on the relative coupling
strengths of the H-boson to the SU_-doublets and the U, -singlets, the asymmetry

2 1

parameter in polarized muon decay takes a value between -1 and +1.
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IV. ANALYSIS OF MUON DECAY

The experimental search for muon number violating processes is at
present in progress. Muon decay, in particular the reaction u — e+y, is con-
sidered as one of the best possibilities to uncover such an effect. However the
signal from the competing radiative decay channel gives rise to a substantial
background. We therefore present here a theoretical analysis, based on
standard V-A weak interaction theory, or the reactions u — ey eVH and
U — eDeV“ﬂ/ and compare our results with the preliminary data recently avail-
able from SIN.°
1 p—evy,

This muon decay mode dominates by orders of magnitude. It is theoretically

described by lowest order weak interaction theory, with the resultant electron

energy spectrum

2 2
G.m 4E
ar __F pg2 - (4.1)
dE 3 e m
e 12 9 [

and the total width as given in Eq. (3.5). 34 In Fig. 6 we compare the experi-
mental results (curve 1) with this prediction (curve 3) and show, by a Monte
Carlo simulation, the influence of a 10% apparatus resolution. Agreement
between theory and experiment can not be fully achieved since radiative correc-
tions have not yet been accounted for. If included, they have the effect of
shifting the maximum of curve 2 towards lower energy values.
2. p—eyr by

This process is theoretically described by the two Feynman diagrams in
Fig. 7 whose matrix elements can easily be determined. The theoretical eval-

uation of the differential distributions has been given in Ref. 34 in full generality.
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For the simplified case of V-A theory we find the structure:

dl’ = const. dx %;Y dg, dﬂy F(X,y,4) 4. 2)
where
F_1 2 n
T gt LA Ty
n=0
4.3)
Zm?3
oc=A+ 55 A—:—-l—COSGe
©om X
1]
and
Gi m5 e2
const = 166 (4.4)
3-27 7
2E
Instead of the electron and photon energies, the normalized variables x = -I—n—e

2E "
andy = El have been used. The functions Fj depend only on the variables x

71
and y; their explicit forms are given in the appendix of Ref. 24, The form of
the differential distribution reveals that the photon energy distribution is peaked

dE
E_Z , and thus has the typical shape of a brems-~

at its lower end, since dI"'«
strahlung spectrum with an infrared divergence. Its angular dependence comes
only through the relative angle between the photon and the electron Ge_y; it is
strongly peaked for ee'y ~ 0° due to the electron-photon correlation which
reflects itself in the denominator function of the first term in Eq. (4. 3).

In order to compare the theoretical predictions with the data we have car-
ried out a Monte Carlo simulation of this process assuming a 10% energy
resolution. In Fig. 8 the experimental (curve 1) and the theoretical (curve 2)
photon energy distributions are compared. The analogous simulated energy

distribution for the electrons coming from p — eZeVu-l-'y is given in Fig. 9

{curve 3, dN/dEe). For later purposes, where the background rate of u — e+y
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will be estimated, we also determined the same energy Spectfa of the electrons
and photons restricting their relative angle to cos Be'y < -0.98. In Fig. 9 the
experimentally found electron energy spectrum (curve 1) is presented and the
result of our Monte Carlo simulation is shown in curve 2 of the same figure.
The analogous distributions for the photon are given in Fig. 10; curve 1 shows
the data and curve 2 the simulation. There is good agreement between
theory and experiment. 36 However this distribution depends quite sensi-
tively on the cos ee'y cut; a choice of cos 9e < -0.8 results in substantial
forward peaking. Such behavior is reflected in the curves of Fig. 11 where we
have assumed the Gey—angle restrictions: cos eey< -0.98 (curve 1) and

cos ee'y <~-0.96 (curve 2), In addition the electron energy is constrained to the
small strip at the upper end of the spectrum: Ee > 47 MeV. One notices a
strong peaking of the photon spectrum near Ey~ 0 for cos Ge'y <-0.96, which
however is less pronounced if cos Ge,y<—0. 98 is imposed. Note that the two
curves have a substantially different number of events: curves 1 has ~100
events (scale on left) and curve 2 has ~300 events (scale on right). We finally
stress that all curves are intended as illustrations of the shapes of the various
distributions; their sizes, in particular the experimental relative to the
theoretical ones, may not be quantitatively compared!

3. Background Rate for y — e+y

The reaction u — et+y, if existent, is expected to lead to events character-
ized by Ge ~ 1800, Ee ~ Eym% mu. The only alternative source of such events
could be the reaction p — eﬂeu“'y commonly termed as "background" (apart
from other effects). In order to determine how many events one should expect

from this process under the above kinematical restrictions, we have carried

out a Monte Carlo simulation and have determined the suppression factors. We
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write
N=NyxBR x (%F-) x (-}‘5) x <%£) AQ (4.5)
% ee'y v Ee Y/E

N is the number of ey events expected in the limited kinematical region speci-
fied above and N 0 is the total number of considered muon decays. The branching
ratio for the radiative decay mode yu — e'ﬁeu”'y has been calculated in Ref. 34:
BR7~ 10—4. As we restrict the kinematical region, the number of events
reduces; this is represented by the factors (AI‘/P_V)X. Numerical values for

various Ge -, Ee- and E'y—cuts are given in Table II; they have been obtained

o
by assuming a 10% energy resolution in the electron and the photon energy.
There is substantial dependence on the ee_y-cut and on the Ey-—cut but relatively
little dependence on the cut in the electron energy. The factor AQ stands for
all further reductions due to the geometry of the apparatus and detection equip-
ment which depends on the individual experiment. If we assume an angle cut of
cos § < ~0,96 and Ee’ E'y > 51 MeV and N0= 1011 events, leaving all further

reductions aside, we find

N < 0.14-AQ

We expect A2 ~ 0.1 and conclude that even with more generous energy and angle
cuts no events of the type p — efzevuv can have been detected. The six events
found in the SIN-eX’periment35 have to be explained by a different source, one

of it being the reaction u — ety.



- 30 -

V. CONCLUSION

The implementation of muon number nonconservation in a gauge theory
framework which can account for the known data does not lead to any contra-
dictions. Violation of muon number is expected to appear once the existence
of new leptonic particles is admitted, as have been anticipated by a variety of
other theoretical and phenomenological arguments. It can occur through:
additional Higgs doublets, massive right or left-handed doublets, doubly
charged leptons. If new leptons are admitted, mixing schemes make such
effect possible. It is one of the most interesting aspects of muon number non-
conservation that the existence of new particles is anticipated which appear as
intermediate leptons (or bosons) in the loop contributions. This is a consequence
of the fact that, due to the smallness of such effect, only higher order terms of
the perturbation expansion are relevant. All schemes predict BR(u — e+y) ~10—9
(although these predictions strongly depend on the parameters of the particular
theory) but they can be distinguished by the amount of muon number violation in
other reactions (see Table I). -The experimental verification of the u — et+y
transition poses problems, one of it being the radiative decay channel, whose
dynamical characteristics we have analyzed. In particular we found that the
recently discussed six y — ety even’cs35 can hardly be understood as due to the
radiative decay channel.

From the above we conclude that muon number violation, viewed from gauge
theories, has to be considered as an almost natural consequence of such frame-
work and, if found, is expected to give substantial information about its structure.
The question whether nature chooses this freedom remains for the time being to

be settled by the experiment. We look ahead to new exciting discoveries.
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TABLE I

Predicted branching ratios and further characteristics of the proposed explanations for muon number violating transitions

K, —eu -
dr + + — 3e - - L K — T L
BRY —~ ) geosp® =€)  BR(: — 3e) nl.me R — €) BR(K; —ef) BR(K — 7ej) R =@ K= o Uncertainties
E -8 -9 -8 -9 -8
xp. Values <2.2%x 10 ? <1.9% 10 < ? <1.6 %10 <1.6 X 10 <1.4%X 10 ? ?
Higgs Bosons <4 X 10™° 1-cos® < 10711 <2x 107 ~ax107® < 10714 <1071 - m“mwnw couplings
ﬁmmnm\__wwm ~107° 1-cos® ~1071  ~ex1072 3x108 <1072 ~107H <1077 <07¥ mp
Mixing Parameters
!
e M _ N R ~ B m  .,m
@ LH - Mixing ~1070 1-cosd <1078 < 101 <1077 ? ? ~1072 <1078 T M
i (triplets) ~ ~ ~ Mixing Angle ¢
RH - Mixi 10 -11 -2 -10 -10 -12 my,
- g <4%10” 1+cos® ~10 ~10 < 10 ~10 <10 i
(doublets) ~ ) ~ ~ Mixing Angle ¢
SU,* U, xU;  <5X 107 1 <5%107° ~1 ? ~10710 ~5x1077  2x1072 ~1 -
m,,, M
H-Boson ~2 %1072 (1% cos 0) ~10710 ~1071 ? < 10712 ? ? ? BN,

H-couplings
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TABLE II

Reduction factors due to kinematical constraints imposed
on the reaction p — eVeVu-l-'y

cos ee (AI‘/F'}) E (MeV) (aT/ P,Y)
7 e 10% resolution
~4 ' -2
<-0.98  2.5X 10 > 51,3 1.2 X 10
<-0.96 5.0%x10°* > 49,8 1.3 % 1072
<-0.82 2.7%x107° > 47.0 2.0 x 1072
Ey(MeV) (AT/T,) (AT/Tw)
10% resolution no resolution
> 51.3 2.4% 1072 5.0 % 104
> 49,8 4.2% 1075 2.5%x 1073
> 47,0 8.6%107° 1.3% 1072
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FIGURE CAPTIONS

Diagrams contributing to thé transition 4 —~ e+7y., Wavy lines represent

f)hoton and W, Z-boson, and dashed lines-“ stand for Higgs particles.

Diagrams contributing to the decay mode 1 — eee,

Diagrams contributing to the KL — el decé.y mode, The Z-exchange van-

ishes due to the GIM mechanism,

Diagrams contribliting to u~-e conversion,

Two-loop graphs contributing to u -— e+ transitions in the Higgs particle

stheme.

Electron energy distribution of the decay y — e;evu"

Curve 1: Data from Ref. 5.

Curve 2: Monte Carlo simulation assuming standard V-A weak interaction
theory and an energy resolution of 10%.

Curve 3: Theoretical prediction using Eq. (4.1).

Feynman diagrams describing the radiative decay mode y — eFeV“ +v in

lowest order V-A weak interaction theory.

Photon energy distribution of the decay mode p — effevu +v.,

Curve 1: Data from Ref. 5.

Curve 2: Monte Carlo simulation using standard V-A weak interaction theory
and 10% energy resolution.

Electron energy distribution of the decay mode p — el_;evu+'y°

Curve 1: Data from Ref. 5 with angular constraint ge'y ~ 180°,

Curve 2: Monte Carlo simulation with angular constraint cos gey <-0,98
and 10% energy resolution.

Curve 3: Monte Carlo simulation with no angular constraint and 10% energy

resolution.
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Photon energy distribution of the decay mode p — e;evu +v with the im-
. o

posed constraint ge'y 1807,

Curve 1: Data from Ref. 5.

Curve 2: Monte Carlo simulation using cos He < -0,98 and a 10% energy

resolution.,
Photon energy distribution of the decay mode pu — eFeVu +vy with the con-
. o

straint eey 180~ and Ee > 47 MeV.

Curve 1: Monte Carlo simulation using cos (?e,Y < -0,.98.

Curve 2: Monte Carlo simulation using cos Gé')/ <=0,96.

Both curves with an energy resolution of 10%.
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