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Constraining new interactions with leptonic v decays
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The recent measurements of the Michel parameters in 7 decays enable, for the first time, a
thorough analysis of the leptonic sector. In general, in models beyond the standard model, these
parameters will be altered through changes in the W and Z couplings, and/or through interac-
tions mediated by new gauge bosons. We perform a complete, model-independent analysis of the
constraints imposed by the present data on such boson-mediated interactions, and point out the
existence of useful relations among the couplings.

PACS number(s): 13.35.Dx, 12.60.Cn, 12.60.Fr

I. INTRODUCTION

In any theory in which the fermions have inter-
actions mediated by heavy (scalar and/or vector)
bosons, the low-energy consequences can be conveniently
parametrized by four-fermion interactions. Hence, pre-
cise low-energy tests of processes involving fermions con-
stitute a window through which one may peek into the
nature of the interactions at higher energies. This pro-
cedure is, in principle, cleaner in the lepton sector where
it is not obscured by hadronization. Furthermore, one
usually expects the scalar-mediated interactions to have
the fermionic vertices proportional to the fermion masses,
thus making the 7 decays the ideal system for their study.

The exciting new experimental results in leptonic 7

decays reported recently [1—3] provide most of the missing
pieces of information and warrant for the first time a
complete analysis of the lepton sector.

In the standard model (SM), the quantum numbers of
the fermions under SU(2) L, are judiciously chosen in order
to obtain a low-energy "(V—A) (V —A)" four-fermion
structure, correctly describing the dominant features of
the experiments in P and p, decays. One has now the
opportunity to test this scheme in w decays. Should any
difference arise, that will be a sign of physics beyond
the SM. In most extensions of the SM, these new effects
arise through differences in the couplings to the W and
Z bosons, or through the exchange of new intermediate
bosons. The new four-fermion interactions thus obtained
will be typically dominated by a single intermediate bo-
son, either the one with the smallest mass or that whose
couplings to the leptons are specially large. In any case,
important relations exist between the low energy param-
eters.

This program is undertaken in what follows. In Sec. II
we set up the analysis in terms of the helicity projec-
tion form [4—6] of the four-fermion interaction, pointing
out the most salient model-independent features. We
do this for completeness and to set up the notation for
the subsequent sections. In Sec. III we summarize the
experimental situation and in Sec. IV we discuss the uni-
versality tests. Section V is devoted to the analysis of
nonstandard charged intermediate bosons and Sec. VI to

lepton-flavor-changing neutral-boson interactions. Sec-
tion VII contains a summary of some features of our
analysis and resulting information on the opportunities
for physics beyond the SM. Finally, we draw our conclu-
sions in Sec. VIII. The Appendix is devoted to the de-
velopment of relations relevant for the analysis of lepton-
flavor-changing neutral bosons and a detailed discussion
of the consequences of the unobservability of the Bnal-
state neutrinos. We also discuss there the complementary
information extractable &om neutrinoless charged-lepton
decays.

II. FOUR-FERMION HAMILTONIAN

Let us consider the leptonic decays I| ~ v~/' v~,
where the lepton pair (I t') may be (pe), (we), or
(w, p). The most general derivative-free, lepton-number-
conserving, four-lepton interaction Hamiltonian [7,8,4,5],
consistent with locality and Lorentz invariance, can be
written as [6,9,10]

The label n refers to the type of interaction: namely,

for the scalar, vector, and tensor interactions, respec-
tively. The neutrino chiralities, u and A, are uniquely
determined once n and the charged-lepton chiralities e
and w are chosen. Thus, one has 19 real constants, since
there are only two nonzero tensor terms and one global
phase may be taken away.

In any reasonable model, these couplings are the low-
energy limit of scalar and/or vector-boson mediated tran-
sitions. In general, several such contributions will exist
and we write

0556-2821/95/52(7)/4006(13)/$06. 00 52 1995 The American Physical Society



52 CONSTRAINING NEW INTERACTIONS WITH LEPTONIC ~ DECAYS

n n n n
g~ ~ ~ ~

+
~ ~

+ b~ ~
+

e QP CaP e

where the letter m is reserved for the known W boson,
and each letter (a, lp, . . . ) refers to couplings originating
&om a given additional intermediate boson. From TV de-
cays, as well as from P and p, decays, we know that the
R' vertices with leptons will necessarily give the domi-
nant contribution to the w and p leptonic decays. The
SM predicts that this is the only contribution, and, more-
over, that there are only couplings to left-handed leptons.
Hence, in the SM,

v v
grr )L L L L

and all other couplings are predicted to vanish. Of
course, what one measures in these decays are the sum

g, of all the diferent contributions with the same chi-
l,'l

ral structure and these may interfere constructively or
destructively.

For an initial lepton polarization P~, the Anal charged
lepton distribution in the decaying lepton rest kame is
usually parametrized in the form [8,11]

d I'(x, cos 8) micr

dx d cos 8 2'
' —x' x(1 —x) + -p (4x' —3x —x,') + rl xo(1 —x)0 9

1
'Pi—(—

3
2 l'

x2 —x2cosg 1 —x+ —b
I

4x —4+
3 (5)

where 8 is the angle between the l spin and the final charged-lepton momentum, u—:(m& + m&, )/2m' is the
maximum l' energy for massless neutrinos, x—:Ei /u is th-e reduced energy, and xo = m~ /u. For unpolarized l's,
the distribution is characterized by the so-called Michel [7] parameter p and the low-energy parameter il. Two more
parameters, ( and b, can be determined when the initial lepton polarization is known. If the polarization of the final
charged lepton is also measured, five additional independent parameters [12] ((', (", il", a', p') appear.

To determine the constraints on physics beyond the SM, it is convenient to express the Michel parameters in terms
of their deviation from the SM values [5]. One obtains

lgrRI + IgRr. l
+ 2lgL~RI + 2lgRr. l

+ Re(gLRgLR+ gRrgRr. )

S V* S V* S Ve S V* V T* V T*
'g = 2~Re gr LgRR + gLRgRL + gRLgLR + gRRgLI + 6(gLRgRL + gRLgLR)

( —1 = —
2N lgr RI +

I gRRI + 4( I gr. RI +—21gRr I
+ lgRR I )

41gr, RI + 161—gRr, I

—8 «(gr', Rgr, R —gRr, gRr', ) (6)

(&~) —
4

= —
4~ 2(lgrRI + lgRRI )+(lgr. RI + lgRr, l +2lgRRI )

+2(2lgL~RI + lgRLI ) —Re(gLRgLR —gRLgRr, )

We set the overall normalization factor [6]

&= 4(lgLLI +lgLRI +lgRLI +IgRRI )+(lgLLI +IgLRI +IgRLI +IgRRI )+3(lgLRI +IgRLI ) (7)

to 1, as is &equently done. This may always be done
by absorbing it in the de6nition of G&, &. We note that
the parameters g and G&,

&
are the only ones linear in

the new-physics contributions. Namely, they have terms
proportional to

and

Re(1 "gRR)
1 S+
2

G&,
&

oc 1+ 2 Re(1 x AgLL),

(8)

Alternatively, one may absorb N for the (y, ,e) pair, say, use
a common G& in Eq. (1), and keep the normalization factor N
for the other two decays. However, care must then be taken
when using published bounds for the coupling constants g,
since the normalization in Eq. (7) is usually adopted.

where we have used the fact that the SM contribution
to gL L is approximately 1, and new contributions to gL L
have been parametrized by Lg&&. Clearly this last type
of variation is only detectable if it is nonuniversal.

It is convenient to introduce [6] the probabilities Q,
for the decay of an ~-handed l' into an e-handed daugh-
ter lepton:
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(10)

(13)

where

f (z) = 1 —8z + 8z —z —12z ln z,
g(z) = 1+9z —9z' —z'+ 6z(1+ z) lnz.

(i5)
(16)

Thus, the normalization G „corresponds to the Fermi
coupling G~, measured in p, decay.

The factor [13]

n(m)) t'25
~Rc = 1+

2vr ( 4 )
m m I+ M2 M2w w

(i7)

takes into account radiative corrections not included in
the Fermi coupling constant G~, and the nonlocal struc-
ture of the W propagator. These effects [14] are quite
small: rRc"" ——0.9960; r&&

——0.9958. Notice that we
are adopting the usual procedure of taking the radiative
corrections within the standard model. Since we assume
that the standard model provides the dominant contri-
bution to the decay rate, any additional higher-order cor-
rection beyond the efFective four-fermion Hamiltonian (1)
would be a subleading effect.

The kinematical integrations have been done assuming
massless neutrinos. The numerical correction induced by
a nonzero vi mass, r„, = 1+b„, 1—8(m„, /m~), is quite
small. The present experimental upper limits [12,15] on
the neutrino masses imply lb„" 'l & 5 x 10 (90% C.L.),
lb„"[& 2x10 (90% C.L.), lb„"

l
& 1.4xl0 ' (95%

C.L.).
It is fortunate that the two parameters which are linear

in the new-physics contributions, g and G&, &, are precisely
the ones which survive in the total decay width. One
can then study them with nonuniversality searches which
already provide very precise tests of the lepton sector.

III. EXPERIMENTAL SUMMARY

Upper bounds on any of these (positive-semidefinite)
probabilities translate into corresponding limits for all
couplings with the given chiralities.

The total decay rate is given by

2

192vrs ( mi ) mi i m) )

Q =Q,„.+Q...„=2 1+3 ((b) (»)

One finds (ignoring possible correlations among the mea-
surements):

TABLE I. 90% C.L. experimental limits [18] for the
p-decay g, „couplings.

lower bound on QLL. They imply corresponding upper
bounds on the eight couplings lgRRl, lgLRl, and lgRLl.
The measurements of the p and the e do not allow us
to determine lgLLl and lgLLl separately [6,16]. Neverthe-
less, since the helicity of the v~ in pion decay is experi-
mentally known [17] to be —1, a lower limit on lgLVLl is
obtained [6] from the inverse muon decay v„e ~ y, v, .
The present (90% C.L.) bounds [18] on the p-decay cou-
plings are given in Table I. These limits show nicely that
the bulk of the p-decay transition amplitude is indeed of
the predicted (V —A)-type.

The experimental analysis of the 7-decay parameters
is necessarily different from the one applied to the muon,
because of the much shorter w lifetime. The measurement
of the w polarization and the parameters ( and b is still
possible due to the fact that the spins of the 7+7 pair
produced in e+e annihilation are strongly correlated
[19—27]. However, the polarization of the charged lepton
emitted in the w decay has never been measured. In prin-
ciple, this could be done for the decay 7 —+ p v~ v by
stopping the muons and detecting their decay products
[9]. The measurement of the inverse decay v l —+ r v~

looks far out of reach.
The present experimental status on the v-decay Michel

parameters is shown in Table II, which gives the world
averages of all published [1—3,12] measureinents. The
improved accuracy of the most recent experimental anal-
yses has brought an enhanced sensitivity to the differ-
ent shape parameters, allowing the first measurements
of g ~„[1,2], ( ~„(~„, ((b) ~„and ((b) ~„[1].
[The ARGUS measurement [3] of ( ~i and ((b) ~i as-
sumes identical couplings for I = e, p. A measurement of
g( ~,( ~„was published previously [28].]

The determination of the 7.-polarization parameters
[1,3,29] allows us to bound the total probability for the
decay of a right-handed T [9]:

For p decay, where precise measurements of the po-
larizations of both p and e have been performed, there
exist [6] upper bounds on QRR, QLR, and QRL, and a

g ~ i&055
g „&0.066
g „&0.125

lg. „ l
) 0.96

lg, ~ & 0033
g, „&0.060
g ~ ( 0 110

g, ( 0.036
g, ( 0.122
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TABLE II. Experimental averages of the v-decay Michel
parameters [1—3,12]. The fourth column (r -+ I) assumes
identical couplings for L = e, p. The quoted value for q ~&
is that obtained directly from measurements of the energy
distribution.

Parameter ~ p
0.738 + 0.038
—0.14 + 0.23

1.23 + 0.24
0.71 + 0.15

~-+e ~ml SM
0.736 + 0.028 0.733 + 0.022 0.75

—0.01 + 0.14 0
1.03 + 0.25 1.06 + 0.11
1.11 + 0.18 0.76 + 0.09 0.75

Q „"= 0.07+0.14 ( 0.28 (90% C.L.),
Q = —0 32 6 0.17 ( 0.14 (90% C.L.),
Q „= 0.00+0.08 ( 0.14 (90%%up C.L.),

(»)
(20)

(»)
where the last value refers to the 7 decay into either l = e
or p, assuming universal leptonic couplings. Since these
probabilities are positive semidefinite quantities, they im-
ply corresponding limits on all IgP I

and IgP I
cou-

plings. The quoted 90% C.L. have been obtained adopt-
ing a Bayesian approach for one-sided limits [12]. Ta-
ble III gives the implied bounds on the 7-decay couplings.

Notice, however, that the central value of Q „'turns
out to be negative at the 2o level; i.e. , there is only a 3%%

probability to have a positive value of Q „'.Therefore,
the limits on Ig,"„„Iand Ig, „I should be taken with
some caution, since the meaning of the assigned confi-
dence level is not at all clear.

The problem clearly comes &om the measured value
of ((b), . In order to get a positive probability Q „,one

I

needs (( —1) ) s [((b) —4]. Thus, ((h) can only be
made larger than 3/4 at the expense of making ( cor-
respondingly much larger than one. Hence, if the cur-
rent values of the Michel parameters for the decay of 7.

into electron and neutrinos were to be confirmed, one
would have to go beyond the effective Hamiltonian of
Eq. (1): the combined observations for( ~, and ((b) ~,
are not consistent toith an effective four ferm-ion interac-
tion of the form in Eq (I).. That is to say that no ffavor-
conserving, derivative-&ee, four-lepton interaction can be
found, satisfying both these results simultaneously. Fur-
ther, since lepton-Qavor violations have no measurable
effect if the final neutrinos are massless and unobserved
[30], and derivative couplings would be suppressed by
m /M~ 5 x 10, a sizable effect not included in the
eIFective Hamiltonian (1) seems very unlikely. Hence,
based solely on theoretical grounds, one can achieve the
conclusion that, within a four-fermion Hamiltonian, ei-
ther (gh) ~, comes into agreement with the SM, or ( ~,
must move by a factor close to 2 (a most unreasonable
proposition) .

Table IV gives the world-average values of m, 7. ,
B) = B(7wv~l . v(), B~ = B(r w v~x ), B~ =
B(w mv K ), andBh, =B(~ -+v7r +v K ) In.
view of the significant improvements achieved with the
most recent data, updated numbers including prelimi-
nary results reported in Ref. [32] are also given.

IV. UNIVERSALITY TESTS

The universality of the leptonic couplings can be tested
through the ratios of the measured leptonic-decay widths:

Gp~ 1.0038 6 0.0087
1.0008 + 0.0036

[Particle Data Group (PDG) [12]]
(Montreux [32]), (22)

0.9970 + 0.0073
0.9979 + 0.0037

(PDG [12])
(Montreux [32]), (23)

where

m~ g( ~/ i)+l'l = +l'l 1 + 4 'Ql —+l'
mg f (m2, /m2 (24)

TABLE IV. World-average values [12] of the r mass, life-
time, leptonic branching ratios, and B(r ~ v s /K ).
The updated numbers in the third column, include preLim-
inary results reported in Ref. [32].

An important point, emphatically stressed by Fetscher
and Gerber [10], concerns the extraction of G,„&om p

TABLE III. 90/0 C.I.. limits for the v&-decay gl cou-
plings. The numbers with an asterisk use the measured value
of (gh), ; the meaning of the assigned confidence level could
be doubtful in this case (see text).

Parameter
mT
7T

B
B„
B
BK

PDG [12]
(1777.1+p'p) MeV

(295.6 + 3.1) x 10 s
(18.01 + 0.18)%
(17.65 + 0.24)%
(11.7 + 0.4)%
(0.67 + 0.23)'%%uo

(12.88 + 0.34)%

Montreux [32]
(1777.0 + 0.3) MeV

(291.6 + 1.6) x 10 s
(17.79 + 0.09)'%%up

(17.33 + 0.09)%%up

(11.09 + 0.15)%%up

(0.68 + 0.04)%
(11.77 + 0.14)'%%uo

IgRRI

IMARI

IgRRI
IgiRI
IgiRI

7 W p
& 1.05
& 1.05
& 0.53
& 0.53
& 0.30

7 W e
0.75'

& 0.75
& 0.38
& 0.38
& 0.22

7. w l

& 0.74
& 0.?4
& 0.37
& 0.37
& 0.21

The alternative is to go beyond the four-fermion Hamilto-
niau (1), allowing, for example, the decay of the r into an
electron and two (unobserved) neutral scalars, such as Ma-
jorons [31] or supersymmetric scalar neutrinos.
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decays, whose uncertainty is dominated by the uncer-
tainty in g.

In models where g = 0, G~ ~
—— G~ ~', then the

limits (22) and (23) strongly constrain possible devia-
tions &om universality. To erst order in new physics,
G~ ~ oc 1 + Re(AgLL). Therefore, at 90% C.L.,
—0.005 (—0.010) & Re(Ag+ —Ag+ ) & 0.007 (0.018)
and —0.008 (—0.015) & Re(Ag„, —Ag„„) & 0.004
(0.009), using the Montreux [32] (PDG [12]) data.

Conversely, if lepton universality is assumed (i.e.,

G~ ~
= G~, g", = g," ), the leptonic decay ratios (22)

e ca&

and (23) provide limits on the low-energy parameter g.
The best sensitivity [33] comes from G„,where the term
proportional to g is not suppressed by the small m, /m~
factor. The measured B„/B, ratio implies then

0.034 + 0.076
0.007 + 0.033

(PDG [12])
(Montreux [32]). (25)

This determination is more accurate that the one in Ta-
ble II, obtained Rom the shape of the energy distribu-
tion, and is comparable to the value measured in p decay:
q„~, = —0.007 + 0.013 [34].

A nonzero value of g would show that there are at
least two different couplings with opposite chiralities for
the charged leptons. Since we assume the V —A coupling
g&& to be dominant, the second coupling would be [9] a
Higgs-type coupling ggR [g = Re(gg&)/2, to first order in
new-physics contributions]. Thus Eq. (25) sets the (90'%%uo

C.L.) bound: —0.09 (—0.18) & Re(gg&) & 0.12 (0.32),
using the Montreux [32] (PDG [12]) data.

Finally, in models in which the new physics couples
exclusively to the lepton sector [so that the Cabibbo-
Kobayashi-Maskawa (CKM) matrix is unitary], further
information may be found by comparing G~ ~ with G~
as extracted from the combination of P and K,s decays
[35]. Indeed, the usually quoted values for the CKM
angles are extracted assuming that the coupling constant
g, coupling TV to fermions, is the same for quarks and
leptons. Thus, if there are new contributions affecting
only the lepton couplings, any deviation from unitarity
in the erst row of the CKM matrix rejects a deviation
of G,~ &om the SM value.

The decay modes v ~ v 7t and 7 —+ v K can
also be used to test universality through the ratios

I'(7.
+7-/x ==r~-

2
g~

gp

—+v~ )
M /L vp)

m.' (1 —m.'/m.')'

(27)
I'(r -+v K )
I(K M p v~)

g„2mlcm'„(1 —m'„/mlc) '
(28)

8R
y

= (0.16 + 0.14)%%uo, 6R pic
——(0.90 + 0.22)%.

(29)

Using these numbers, the measured w —+ vr v and
~ K v decay rates imply

g 1.027 + 0.018 (PDG [12])
g 1.006 + 0.008 (Montreux [32]),

0.96 + 0.17 (PDG [12])
0.972 + 0.029 (Montreux [32]) .

g7.

K
(30)

The inclusive sum of both decay modes, i.e. , I'[w
v ] with 6 = vr, K, provides a slightly more accurate

determination:g„1.043 + 0.015g„1.004 + 0.007
(PDG [12])

(Montreux [32]).

where the dependence on the hadronic matrix elements
(the so-called decay constants f lc) factors out. Ow-
ing to the different energy scales involved, the radia-
tive corrections to the r ~ v vr /K amplitudes are,
however, not the same than the corresponding effects in

/K m p, v„. The size of the relative correction
has been estimated by Marciano and Sirlin [38] to be
8R

~
= (0.67 + 1)%, where the 1% error is due to the

missing long-distance contributions to the v decay rate.
A recent evaluation of those long-distance corrections [39]
quotes the more precise values

W-exchange model

= 1.0017 + 0.0015,
ge

(26)

obtained from the ratio B y&
—I'(m ~ e v )/I'(m

v~).

The universality constraints are commonly presented,
assuming that the leptonic decays proceed exclusively
through the SM V —A interaction. In that case the
G~ ~ ratios reduce to the corresponding ratios of leptonic
~ coup»ngs: IGp-/G-I = Ig p/g. l IG-/G. pl = Ig-/gal.
Equation (22) should then be compared with the more
accurate value [36,37]

g~ = 1.00 + 0.08,
ge

—= 0.99+ 0.04.
ge

Thus the present data verify the universality of the lep-
tonic charged-current couplings to the 0.16% (e/p) and
0.37% (v/p) level. The precision of the most recent w-

decay measurements is becoming competitive with the
more accurate vr-decay determination. It is important to
realize the complementarity of the different universality
tests. The pure leptonic decay modes probe the charged-

An independent test of lepton universality has been
obtained at the p-p colliders, by comparing the ratios of
the o. B partial production cross sections for the various
TV —+ L v~ decay modes. The results of these analyses
[40—42] are, however, less precise:
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current couplings of a transverse W. In contrast, the
decays m/K ~ lv and w ~ v vr/K are only sensitive
to the longitudinal R' couplings. One can easily imag-
ine new-physics scenarios which would modify difFerently
the two types of leptonic couplings [43]. For instance, in
the usual two-Higgs-doublet model, the charged-scalar
exchange generates a correction to the ratio B~/B„but
the pion-decay ratio R /~ remains una8'ected. Simi-
larly, lepton mixing between the v and an hypothetical
heavy neutrino would not modify the ratios B„/B, and
R

/ ~, but would certainly correct the relation between
I'(~ -+ v l vi) and I'(p -+ v„e v, ).

V. CONSTRAINTS
ON NEW CHARGED BOSONS

In this section we assume that the interactions are me-
diated by charged vectors and/or charged scalars; there-
fore, there are no tensor couplings and Eqs. (6) be-
come simpler. In particular, the quantities (1 —

s p)
and (1 —s(b) reduce to sums of lgi, i I, which are posi-
tive semide6nite; i.e., in the absence of tensor couplings,
p ( 4 and (8 ( 4. This allows us to extract direct
bounds on several couplings.

The measured values of pp, ~e) p~~ps pv~ey and pm~)
(l = e, p) imply

lgi, .„
2+
2+
2+
2 +

g, „ I

= —0 0024 + 0.0035 ( 0.0045
g I

= 0.016 + 0.051 ( 0.094
g. , I

= 0.019+0.037 ( 0.074
gi„, I

= 0.023 + 0.029 ( 0.064

(90'%%uo C.L.),
(90%%uo C.L.),
(90% C.L.),
(90% C.L.) .

(33)

Except for Ig „„I,these limits are stronger than the general ones in Tables I and III.
Similarly, one gets &om the difFerent (h measurements

lg.,„„l'+lg. „,I'+ 2lg. „„I'+—,'lg.'.„„I'+2lg.', I'

lg .. I' + Ig,...I' + 2lg ...I' + 2 Ig,'.. I' + 2 Ig'.-.I'

Ig...„l'+ lg.„., I'+ 2lg.„.„l'+ —,'lg.',.„I'+ —,'lg.'„.„I'

I gi,.„l'+ lgi„.,I'+ 2la„.„l'+ —.'IgP...I'+ —,
'

lgP„.„I'

= —0.0017 + 0.0096
0.015 (90%%uo C.L.),

= 0.05 + 0.20
0.36 (90% C.L.),

= —0.48 + 0.24
0.20 (90% C.L.),

= —0.01 + 0.12
0.19 (90% C.L.) .

(34)

The limits on the (p, e) couplings are weaker than the ones in Table I. The bounds on the vector LR and RL couplings
are also worse than the ones coming from Eq. (33). However, the resulting limits on the other couplings are stronger
than the ones in Table III. The constraint from (g) ~, shows explicitly that it is not possible to accommodate a
value larger than 3/4 with charged-boson (vector or/and scalar) exchanges.

In the absence of tensor couplings, we can combine the information on ( and p to obtain another positive-semidefinite
combination of couplings: (1 —

s p) + 2 (1 —(). The present data imply

3lg.„„,I'+ lg.„„„l'+—,'lg.'. I'+ 4 lg.',„I'

,I'+ Ig -.I'+ -'lg'. -.I'+ 4lg'. -.I'

3lg.„..l'+ lg.„.„l'+ —,'lg.',.„I'+ lg.'„. I'

3la...I'+ lgz...I'+ —,'lgz'. .„I'+ 4 lgz'..„I'

= —0.0039 + 0.0053
0.0067 (90% C.L.),

= —0.10 + 0.13( 0.16 (90% C.I,.),
= 0.00 + 0.13

0.21 (90%%uo C.L.),
= —0.01 + 0.06

0.10 (90% C.L.) .

(35)

The resulting limits on lgv„„ I, Igv„ I, Igv„„l, Igs

Igs„„l, Igv I, and Igi+ I
are stronger than the ones

obtained before.
Combining the different limits, one gets the bounds

shown in Table V. The numbers with an asterisk have
been derived from ($8),. If this information is not used,
one finds the weaker limits Ig, „I( 0.92, Ig, I

( 0.92,
and Igv„„ I

( 0.46.
Up to now, our only assumption has been the absence

of tensor couplings. However, in many extensions of the
SM, the bounds we have derived on the couplings can be
improved due to additional knowledge of the underlying
dynamics. Such is the case with any model whose devi-

Igni l

lgXR I

lgaR I

p, —+e
& 0.55
& 0.066
& 0.125
& 0.424) 0.96
& 0.033
& 0.060
& 0.047

7 W p
&2
& 0.80
& 0.80
& 2
& 1
& 0.40
& 0.31
& 0.23

7 —+e
& 2
& 0.63*
& 0.63
& 2
& 1
& 0.32*
& 0.27
& 0.27

7. —+ l
&2
& 0.62
& 0.62
& 2
& 1
& 0.31
& 0.25
& 0.18

TABLE V. 90% C.L. limits for the couplings g, , assuming
that there are no tensor couplings. The numbers with an
asterisk use the measured value of (gb), .
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ations &om the SM in the lepton sector are dominated
by one intermediate state. This will typically occur with
the least massive gauge boson, if its couplings are not
suppressed by some approximate symmetry. In the fol-

lowing, we study the constraints associated with the ad-
dition of one "dominant" intermediate boson to the SM.

A. Factorization

Let us assume that the interactions are mediated by
a single charged boson (either vector or scalar). Then,
the previous limits are improved due to additional rela-
tions among the couplings. Indeed, the factorization thus
implied yields [5,44]

Since in this case the lower bounds of Eq. (40) are
direct limits on the couplings mLL of the intermediate
boson under study, we can use the factorization equation
(36), rewritten in the forin

mv mv
mV eL"R eRI L & 0 0028eRPR ~V

eLPL
(41)

to improve the bound on g,R„R = to „„byan order of
magnitude.

For the (w, p, ) channel, we can use the lower bound ong„, together with the factorization relations among
the couplings of different channels to get the improved
(90% C.L.) limits:

n n n n
LR QRL QLL QRR (36)

where we have used o. (standing for io, a, ti, etc.) to
stress that these equations relate four-fermion effective
couplings originating &om the same boson intermediate
state; n = S for scalar mediated decays, and n = V for
vector mediated decays. These relations hold within any
of the three channels, (p, e), (w, e), and (7, p).

Moreover, there are additional equations relating dif-
ferent processes, such as

v
PRVL

mv uv'
PL&L eLPR + 0 060 )

eLPL

v
PR&R

u) v n)v'P«R eL&R ~ p py9
eLPL

Similarly, for the (w, e) channel we find

(42)

n n n n
PL7L eL&R PL&R eL7L

n n4 n nw
PL&L eLPR PR7L eLPL

n n n
eLwL eRpL eRrL eLPL

(37)

V
eRTL

v
eR&R

~v ~v
eL&L eRPL g p p47~V )

eLPL

uv uv
eL&R eRPL g p py3

mv
eLPL

(43)

Im Qe p Qe 7- Qp 7- =0

B. Nonstandard W interactions

In this case we consider only R'-mediated interactions
but admitting the possibility that the W couples nonuni-
versally to leptons of any chirality. Then,

v v (3o)

for any chosen set of chiralities (e, A, p). Other similar
equations may be obtained &om these with the help of
Eq. (36). Most of these relations constrain pairs of vari-
ables to the space below a hyperbola.

m„) 0.95; m, & 0.96, (44)

where the last bound is now independent of the ((b),
measurement.

Table VI summarizes the limits on R'-mediated inter-
actions.

Notice that no information on ((b), has been used here.
Thus, for the case of nonstandard R'-mediated interac-
tions, the relations among channels developed above al-
low us to improve the limits on some couplings by one
order of magnitude.

Using the bounds (42) and (43), the normalization con-
dition N = 1 allows us to further improve the (90% C.L.)
lower limits on the m& couplings

while all other couplings vanish, leading to g = 0. The
normalization condition N = 1 implies strong (90% C.L.)
lower bounds on the gLL couplings:

Ig..„,I
& o.oo7; Ig„...I

& 0.83;
TABLE VI. 90+0 C.L. limits for the m, couplings, corre-

sponding to nonstandard W-mediated interactions, assuming
that any additional interactions are negligible.

& 0.87* (0.80); Ig, I
& 0.90 .

(40)

The two Ig, I
limits correspond to the results obtained

using the ((b), measurement (w), or ignoring it (number
within parentheses) .

I~RRI
I~iR I

I~Ril

p~e) 0.997( 0.0028( 0.060
& 0.047

r~p) 0.95( 0.019
& 0.31
& 0.060

r —+e) 0.96( 0.013
& 0.27
& 0.047
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C. SM plus charged vector

If in addition to the SM W boson (mi+& g 0, and all
others zero), there is another vector boson with a mass
not too large, then its presence will be constrained by
the effective vector couplings (av ) that it generates. In
particular, we have seen in Sec. IV that differences of

The limits on the (p, e) couplings are still weaker than
the ones in Table I, but the others are stronger than the
ones in Eqs. (34) and (35). Only the bound obtained
Rom ((b), is better.

The information on the low-energy parameter g gives
the (90%%up C.L.) limits:

V V V
NL, L,

= ~is, +~L,L, (45)
—0.057 & Re (m, „g,„*„„)& 0.029,
—103 & Re (m+ gs„* „)& 047 .

(49)

corresponding to different channels are well constrained
by universality tests.

The general analysis follows the one of the previous
case, except for the fact that Eqs. (41), (42), and (43) do
not provide upper bounds on the single couplings on the
left-hand side. Indeed, the lower bound on g, „,which
affects the sum of the SM with the new contribution, does
not translate into a lower bound for a „.This is just a
reHection of the fact that the experiments are consistent
with the inexistence of a contribution from a new vector
boson. Of course, those relations are still useful in the
form of Eqs. (37), to limit products of couplings. What
we cannot do in this case, is use these relations, together
with the lower bound on g „,to place limits on a single
coupling.

For instance,

Assuming lepton universality, Eq. (25) yields a much bet-
ter bound on the 7 ~ t couplings:

i —0.18 i
009 I

& ( i...a.-R)

t' 0.32 & ( PDG [12]
li 0.12 )I i Montreux [32] y

(5o)

which, however, is still worse than the limit obtained
om gybe ~

Using the factorization relations, one gets additional
limits, such as

.„I = Ig„..„g„„., l
& o.o71

(90% C.L.),
(9O% C.L.),
(90% C.L.) .

(46)

D. SM plus charged scalar

In this case p = 3/4 and

Re(~LL gRR) - R (gRR)
2(1 —() = 2 (1 —s(h) = gL~ + g~~

(47)

The positivity of (1 —() leads now to slightly improved
(90%%uo C.L.) bounds for the scalar couplings:

S 2 S
~&r PR + ~&RPR

S 2 S
~P L +R ~P, R TR

S 2 S
~&Z &R + ~&R&R

S 2 S
&&g~R + ~tR~R

—0.006 + 0.016 ( 0.023,
—0.46 + 0.48 ( 0.56,
—0.06 + 0.50 ( 0.79,
—0.12j0.22 & 0.30 . (48)

These equations establish nontrivial constraints since
they involve aLL, to which we do not have direct experi-
mental access. So, in addition to direct bounds on indi-
vidual magnitudes, we have also constrained the allowed
values to the space below a hyperbola, in the respective
plane. Of course, there are many such constraints. Here
we just want to illustrate their existence and point out
that these constraints translate into nontrivial informa-
tion and might be especially useful in specific .l.odels that
have a small number of parameters.

lg.'.„,g„'„.„I = lg.'„„„g„',.„I & 0 050, (51)

improving the limits on the products in the left-hand
side of the equations over the bounds obtainable directly
&om Table V. At present, the vL, couplings are only con-
strained by the normalization condition lg& I

& 2 and

lgz...I
& 1.

VI. CONSTRAINTS
ON NEW NEUTRAL BOSONS

In this section we study the possible existence of neu-
tral bosons violating the leptonic l and l' numbers. For
example, in models with heavier leptons with noncanoni-
cal quantum number assignments, there are nondiagonal
Z interactions induced by the mixing of the standard
leptons with exotic ones. In other models, similar cou-
plings with new neutral scalars arise naturally at levels
close to the current experimental values [35].

Of course, such interactions will also contribute to
the well constrained Havor-violating decays into three
charged leptons, such as p —+ eee. The l —+ vol' vi
decays involve two charged-lepton and two neutrino cou-
plings to the intermediate boson, while decays of the
type E ~ lz l2 l3 involve four charged-lepton couplings.
Therefore, the two types of decay provide complemen-
tary information. Note, however, that in many models
the neutrino and charged-lepton couplings are related; in
such cases, the constraints from the l —+ Iz lz lz decays
are usually much stronger than those obtained Rom the

m v)l' vi spectra.
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It is easily shown that if, as we are assuming, the Anal
neutrinos are massless and not observed, one falls back on
an effective Hamiltonian such as that of Eq. (1), even in
the presence of lepton-number nonconservation [30]. In
the Appendix, this is shown explicitly for the case of neu-
tral boson mediated interactions. We also include there
the derivation of some formulas useful in this section, and
a discussion of bounds kom neutrinoless charged. -lepton
decays. In the cases studied here there are no relations
among different channels.

- X/2

=~~~ ).l~- I'
m)AI

CL, = —2 o,'ii ) I(7

m)A

A. SM plus neutral vector

a.. . = —2P(i ) IO (56)

When the decay is mediated by neutral vector bosons,
all the LR and RL couplings vanish and p = 3/4. Since
there are no tensor couplings, the relevant bounds on
Table V are also valid in this case. Moreover, (1 —()
is now a positive-semidefinite quantity, which gives the
additional (90'%%uo C.L.) limits

1 S
2 ~&+pa +
1 S

p~~R + 2

2 +2
1 S
2 ~IR~R +

gv ( 0.2
(52)

The limits on the (p, e) couplings are weaker than the
ones in Table I, but the others are stronger than the ones
in Eqs. (34) and (35). Only the bound obtained &om
((b), is better.

As usual, we distinguish the SM W and the neutral
vector boson contributions to gLI by the letters m and
a, respectively. Hence

where n (P) is the Hermitian coupling matrix of the right-
(left-) handed charged leptons to the neutral vector and 8
(0) is the coupling matrix of the right- (left-)handed neu-
trinos, in appropriate units (see Appendix 1). The ex-
perimental limits on the effective four-fermion couplings
constrain then these combinations of the original vector
couplings. We summarize these results in Table VII. The
bounds on the 6rst line remain the same with 0 substi-
tuted by 0 and the missing numbers on the second line
are due to the lack of experimental access to q ~.

B. SM plus neutral scalars

V S ri T
aL,R = aI.R = aL,R' V S ~ T

aRI. = aRL, = aRL, (57)

This allows us to express everything in terms of the vector
couplings. One gets then the positive-definite quantities

Finally, we consider the case in which there is a neutral
scalar contribution to JM, and w leptonic decays, in addition
to the SM contribution. These new contributions vanish
for the LL and RR couplings and satisfy the relations

V V V
A,I. = ~L,L, + aL, L, . (53)

and

1 —-s =1 —-I!b = 2 (Igizl'+ Igail') (58)

As shown in the Appendix 1, the new contributions sat-
isfy the relation

S S V V
aL, L, aRR = 4 aL,L, aRR ~ (54) The N = 1 constraint provides the additional relation

which yields the 90% C.L. bounds 1 = Igl.r. l
+ 2 (IgL,zl + lgXL, I ) (60)

v
&1.P I.

v
P 1.71.

Va

V ~ Sg.„„„l= 4 lg.,„,
V ~ S

gpRTR I 4 IgpLTL

V ~ Sg....l

=
4 lg...

g„„„l&91xlo
g~„.„l & o.37,

g.'„.„I & o.32* (o.44) .

(55)

Again, these relations yield constraints on aLL, to which
there is no direct experimental access.

Assuming that the neutrinos are not detected, the
neutral-vector-induced effective couplings may be writ-
ten as

Thus, 1 —
s p = 1 —s(b = (1 —

Igloo

I ), which gives lower
bounds on all gLL couplings. The resulting 90'%%uo C.L.
limits are given in Table VIII.

p, ~e
& 1.1 x10
&76x10

7 M p
& 0.14

TABLE VII. 90'Po C.L. limits on products of quadratic
polynomials in the lepton and neutrino couplings. If one uses
the measured value of (gb), the number on the last column
will read instead 0.10.
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laiil
laiRI
laRi I

p —+e) 0.998
& 0.047
& 0.033

T&p) 0.95
& 0.22
& 0.16

7 W c) 0.96
& 0.19
& 0.19

7. -+ l
& 0.97
& 0.18
& 0.13

In addition we have the constraints &om g, which at
90% C.L. give

—0.007 ( Re (g+ „„g+„*„)( 0.004,
—0.13 ( Re (g„„gv„' ) ( 0.06 .

(6i)

TABLE VIII. 90'70 C.L. limits for the g," couplings, tak-
S V S T

ing gRR
—— 0, gLL

—— 0, gLR = gLR —— 2gLR, and
V S ~ T

gRL gRL +gRL '

physics and still p will be equal to the SM value. In fact,
any interaction consisting of an arbitrary combination
of g, 's and g 's yields this result [9]. Qn the other
hand, (bg) will be different &om 3/4 in any of the cases
above providing, in principle, a better opportunity for
the detection of physics beyond the SM.

The above features are easy to understand by looking
back at Eqs. (6) and recalling that the tensor couplings
can only be generated by r.e '".al scalar interactions (vi-
olating individual lepton flavors), in which case they are
proportional to the scalar couplings. It is easy to see that
having two such neutral scalars will not alter the situa-
tion. Indeed, to obtain p ) 3/4 or (b() ) 3/4 one will
also need the presence of a charged scalar.

Let's then assume that we have a neutral scalar with
couplings

These effective couplings may be written in terms of
the ones in the original Lagrangian as

V S % T
+LR +LR + +LR& aRz, = aar, = 2 aar. (63)V S T

ai, , =Air )
= &tgi ) IBm~l

- 1/2

1/2

(62)

and a charged scalar with couplings bs . We obtain

3 3 S 2 S 2 1 S S*2I'»I +
I &il + R'(»bi&

4 4 2

+aRLbRL)S S*

where A (B) is the coupling matrix of the charged leptons
(neutrinos) to the neutral scalar, in appropriate units (see
Appendix 2). So, the previous limits contain combined
information &om the two sectors.

It is important to emphasize that, within the philos-
ophy we sustain of discarding intermediate tensor par-
ticles (for they hardly appear in any reasonable model
beyond the SM), this is the only possible source of tenso-
rial terms. This fact has interesting consequences which
we will explore in the next section.

3 3 1 s 2 1 s s
(&b) ——= —— —lbRR I

+ I~LR bL—R I4 4 2 8

3 S S 2 3 S 2+ Iar.R+b»l + Iar.RI +2laRr, l8 2

+ Re(aRi bRi—)
S S*

2
(64)

The first equation shows that p might exceed 3/4 pro-
vided that

VII. OPPORTUNITIES FOR PHYSICS
BEYOND THE SM

(b',„lRel I( —4
kaiR)

(65)

In Table IX we present a summary of the theoretical
constraints imposed on the measured quantities, for the
various cases under study. There, SM denotes that the
standard model results are recovered and AS indicates
that any sign is allowed.

It is immediately apparent that p ( 3/4 and (b() ( 3/4
in all cases that we have studied. Thus one can have new

or

bs
Rel "i I(-4

KARL )
(66)

As for (h(), it can only exceed the SM value through
RL couplings, and only if the last equation is satisfied.
Then, detecting p greater than the SM value would mean

TABLE IX. Theoretical constraints on the Michel parameters.

p —3/4
g —1

(b() —3/4

SM + charged vector
nonstandard W

& 0
AS
&0
SM

SM + charged scalar

SM
&0
& 0
AS

SM + neutral vector

SM
&0
&0
AS

SM + neutral scalar

&0
AS
& 0
AS
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that there were at least a charged scalar and a neutral
scalar in action. A measurement of (b() greater than 3/4
would then discriminate between RL and IB couplings.
However, as pointed out before, a measurement of (b() )
3/4 must, in general, be accompanied by a measurement
of ( & 1. If the contrary were to become well established,
we would have detected physics beyond the four-fermion
Hamilt onian.

VIII. CONCLUSIONS

We have used the recent measurements on the Michel
parameters in w decays to perform a complete, model-
independent analysis of the constraints implied for scalar
and neutral bosons, as they exist in most models beyond
the SM. If the new contributions are dominated by the ef-
fect of one such new intermediate boson, relations among
the different couplings arise.

In the case of charged intermediate bosons, these rela-
tions involve couplings &om difFerent decays. If the most
important new feature is the coupling of the usual R' bo-
son with right-handed leptons, then the data &om muon
neutrino scattering ofF electrons can be used to improve
some of the limits on couplings in v decays by an order
of magnitude. In the other cases, it constrains products
of couplings of different channels to the space below a
hyperbola. This information will be particularly useful
for models in which these couplings are functions of the
same parameters of the original theory.

In case the dominant new features are provided by
the exchange of Bavor-violating neutral scalars, there are
no relations among the different channels. The relations
within each channel were derived assuming that the final
neutrinos are massless and not observed. The analysis
based on the common four fermion Hamiltonian is still
valid in this case. It is shown in the Appendix that,
given the current experimental situation, the bounds ob-
tained kom the Michel parameters only compete with
those provided by the decays l —+ lz l2 ls, in theories
where the charged lepton couplings to the intermediate
particle carrying flavor are suppressed by some (exact or
approximate) symmetry.
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APPENDIX: FLAVOR-VIOLATING
NEUTRAL-MEDIATED INTERACTIONS

1. Neutral vector b osons

We parametrize the interaction of a neutral vector bo-
son V with the leptons by

where

J"Vp, ) (A1)

1"=
I

Mv 2v~&&
I

t~"(cz~R+ P~L)li
+vp" (O'ER + o.pl. )v] (A2)

Mv is the mass of the neutral vector, p~ I, = (1 + ps)/2
are the chirality projectors, and a, P, 8, and 0 are 3 x 3
Hermitian matrices in the respective Qavor spaces.

Since Mv is typically much larger than the energy scale
of p and 7 decays, the interaction is effectively that of
four fermions,

1

2MV
(A3)

which, after Fierz transforming, yields an effective inter-
action between two neutrinos and two charged leptons of
the form

4Gy'R = nziz9~~(lIz f vtz) (vR +ulR)
2

+/3z «- (Ii~"vt, ) (vt, ~~~1,)
2nz'za—~„(lJzvt, ) (vt lR)

2&z zo-(II, v—R) (vail, ) (A4)

As expected, the chirality-changing couplings BL and LR
vanish. Notice that the resulting effective couplings sat-
isfy the relation

a, a = 4a, a
lRlR l~ l~ lRlR l~ l~ (A5)

Since the neutrinos are unobserved, Eq. (A4) reduces
to the Hamiltonian (1), with erfective couplings

a, = nlz l OV
lRlR

a, =Pz'z Zv
l~ lI

where

) .I~-I'
m)A

X/2

a, = —2 col I l ZS
lRlR

a, = —2Pzz 0
l~l~

).Iz7- I'
m)A

(A7)

The Lagrangian (Al) also induces Havor-changing de-
cays of p and v into three charged leptons. Neglecting
the masses of the final leptons, the corresponding decay
widths can be written as

5 2
I'Il -+ 1~ l~ ls] = Cz. z, z. .

m, G~
(AS)

where Cl l l are quartic polynomials in the lepton cou-
plings a and P, given by

Cz, z, z. = uz ((Ioz.zl' + I&z.zl') (Iazsz. I' + I&zsz, I')
+ (Io.z.zl' + I&z.zl') (Io.z. z. l' + I&z.z. l') (A9)
+2Re [o.z zo.z zo.z z o.

z z + (ct. ~ P)]) (A10)

and uzi denotes the appropriate statistical factor (ms = 1
for lz g ls and tvs =

z for tq ——ls). The present exper-
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TABLE X. 90%%uo C.L. limits [45,46] on products of quartic
polynomials in the couplings.

~+I

e e+ e
e e+ e

P P P
P e+ P

7 e e

P IJ e
e e+ P

Bounds on C&, ~, ~

(1.0 x
(1.9 x 10
(2.4 x 10
(. 2.0 x 10
(1.9x 10
(2.0 x 10
(1.9 x 10

imental bounds [45,46] on these parameters are given in
Table X.

In general, the bounds in Tables VII and X afFect
different combinations of the original couplings. The
first gives us combined information on the charged- and
neutral-lepton sectors, while the second constrains only
the charged-lepton sector. However, in many models,
these couplings are related. As an example, let us as-
sume that all diagonal couplings are of order 1 with all
off-diagonal couplings suppressed. Then, &om Table VII
we find

J =
I

Ms ~2G~ l(Atp~+ Apl, )l

+v(B p~+ Bpl.)v (A15)

S Tg, ,- = 2g, , = A~Bm„)lRlL lRLL

=2 =A*B*
gl Ez gl E& gg ~m )

L R L R

V
g. .. = A~B„)

R L

V
g, „—A, Bmn.

L R
(A16)

The LL and RR couplings vanish. Notice the relation

S S V
gl' E~ gl' E~ gl' E~ gl' E~R L L R R I L R

(A17)

Since the neutrinos are unobserved, the measurable
vector and scalar effective couplings are also related,

g, =g, =2g, =AERIE 0 )
V S T
lRLL lRlL lRlL
V Sg, =g, =2g, =AEE' ~)
ELER lLER ELLR

(A18)

Ms is the mass of the neutral scalar, and A and B are
3 x 3 matrices in the respective fiavor spaces. Again, since
Ms is typically much larger than the energy scale of p and
w decays, the interaction is effectively of the four fermion
type. After Fierz transforming, the l'P v v interaction
is described by the Hamiltonian (1), with effective cou-
plings

Ia,„I (37x10
Ia„ I' ( 4.7 x 1o '
Ia, I

(67x10

Ip,„I ( 2.5 x 10

(A11)

where

0= ) IB
m )A

- 1/2

(A19)

while the bound on l + 3l' provides much more stringent
limits;

Ia,„I + Ip,„I ( 3 3 x 10

la~-I'+ Ipp-I' « o x 1o '
+ Ip, I

( 6.3 x 1o (A12)

On the other hand, if we keep the assumption that the
diagonal couplings are dominant, but there is a hierarchy
between the neutrino and lepton couplings of order

mm yp2
~ll

(A13)

then the information in the Michel parameters becomes
comparable with that in w —+ 3e and v m 3p decays.
Of course, this last case will only seem "natural" in the
presence of some (maybe approximate) symmetry sup-
pressing the charged-lepton couplings to the new neutral
vector.

This new flavor-changing neutral scalar also con-
tributes to the decays l + li l2 l3 . The corresponding
decay widths are given by

m'r[t- ~ &;t+t;j = ' , v,' . . . (A2o)

For the case of p, ~ 3e, this combination of couplings is
greatly simplified:

'L)."..= —(IA~.I'+ IA.~I') IA-I' . (A22)

where the 'VE l l are quartic polynomials in the charged-
lepton couplings:

Dg, g, g, ——~s((IAz, zl'+ IA«, l') (IAs, z. l'+ I z.z, l')

+ (IA~.~I'+ IA«. l') (IAI.,~, I'+ IA~. ~. I')

AI lAl IAl I Al l + All A«Al l Al 1

(A21)

2. Neutral scalar bosons

The interaction of a new fiavor-violating, neutral scalar
boson S with the leptons can be written as

8= JS
where

Since we have taken identical normalizations, the experi-
mental bounds on these parameters are the same as those
in Table X.

Again, unless in the specific model one is study-
ing some of the couplings to the charged leptons are
suppressed with respect to the neutrino couplings, the
bounds from the decays l —+ li l2 l3 will be much

C

stronger than those from l ~ l vv.
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