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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), 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 8 and u decays. One has now the
opportunity to test this scheme in 7 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
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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 final-
state neutrinos. We also discuss there the complementary
information extractable from neutrinoless charged-lepton
decays.

II. FOUR-FERMION HAMILTONIAN

Let us consider the leptonic decays = — yl'~ oy,
where the lepton pair (I,l') may be (u,e), (7,e), or
(7,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]

H=1p WZRLQZ’“ [0 ve),] [(aTabs] - (1)

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

=1, IV =4

(2)

T _ 1 By —

i
= oM = BV — yVaky)
7 2\/5(77 ¥ y*)

for the scalar, vector, and tensor interactions, respec-
tively. The neutrino chiralities, ¢ and A, are uniquely
determined once n and the charged-lepton chiralities €
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
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G, =wy tay, b e (3)
where the letter w is reserved for the known W boson,
and each letter (a, b, ...) refers to couplings originating
from a given additional intermediate boson. From W de-
cays, as well as from 8 and u decays, we know that the
W vertices with leptons will necessarily give the domi-
nant contribution to the 7 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,
)

4007

vV o_.V
91, =W, = 1o (4)

and all other couplings are predicted to vanish. Of
course, what one measures in these decays are the sum
9, of all the different contributions with the same chi-

ral structure and these may interfere constructively or
destructively.

For an initial lepton polarization P;, the final charged
lepton distribution in the decaying lepton rest frame is
usually parametrized in the form [8,11]

d?*T(x,cos @ myw? / 2
da:(dcosﬁ ) = 2n3 (GiuN)y/2* - = {m(l —ot 9’ (4:1:2 — 3z — xg) +nzo(l — )

1 2
_§’Pz£ mz—mgcosa[1—x+§5(4m—4+\/1—w§)]}, (5)

where 0 is the angle between the [~ spin and the final charged-lepton momentum, w = (m2 + m2)/2m; is the
maximum [~ energy for massless neutrinos, * = Ej- /w is the reduced energy, and o = my/w. For unpolarized !s,
the distribution is characterized by the so-called Michel [7] parameter p and the low-energy parameter 7. Two more
parameters, £ and §, 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] (¢, £”, 0", o/, B') 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

p— Z = ’“% [|9¥R|2 +lgkl” + 2197 nl” + 2195.)" + Re(95roln + 91%L9£2)] )
n= 2—%Re [92L9k% + 9LRIRL + 9RLILR + IRRILL + 6(9LRIRL + IELILR)]
¢ ~1= 5 [lofal’ +lofal® + 4(~lo¥al* + 21gksl’ + lokal")
—~4|gTal" +16]9%. " — 8Re(g5poTR — 9hLoFr)] (6)
) -3 =% [§(|ng|2 +19%al") + (a¥al’ + lg¥ol® +2lo%al")

2 2 . .
+2(2l97rl” + |9k]") — Re(9zr9T% — yszngu)J :
We set the overall normalization factor [6]

1 2 2 2 2 2 2 2 2 2 2
NEZ(IQ‘ZLI + 192zl + 198" + l9Rrl") + (l9Zl” + l9Zr|” + 198l + l9kel") + 3(I9Zrl” + l9RLl) (7)

to 1, as is frequently done. This may always be done! ~ lRe(l < aS* (8)
by absorbing it in the definition of GZ,. We note that ™3 9RR

the parameters n and G%, are the only ones linear in and

the new-physics contributions. Namely, they have terms

proportional to G?, oc1+2Re(1 x AgY}), (9)

where we have used the fact that the SM contribution
to gZL is approximately 1, and new contributions to g}fL
have been parametrized by Agy,. 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 w-handed [~ into an e-handed daugh-
ter lepton:

! Alternatively, one may absorb N for the (u,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 gl'f L

since the normalization in Eq. (7) is usually adopted.
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— 1 S |2 V 12 _ l _ :_lE _ 1 19 b ! "
QLL—4|9LL| + |9zl =4\3+3r 3§+ 95 +&+£7), (10)
1 s 2 v o2 1 16 1 16 5 , "
_1 1 g 16, 1, 165 , 11
Qrr 4|gRR| + |9&rl (3t 3P+3€ gf &+¢ (11)
1 1 16 1 16
QLr = Zlgflﬂz + |QZR|2 + 3‘9%‘R|2 = 1 (5 - "3—!7+ gf - 5‘55 +§' - f”) ) (12)
1 1 16 1 16
QrL = Zlg}glez + lghel® + 3lgkLl® = 1 (5 3P gﬁ + 555 ~¢ - 5") . (13)

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

mPG? m2 my m2
= #ﬂ_’s’ {f(_n_ml?) +4 Tn_l_g<_m—llz) Trc, (14)
where
f(z) =1—82+482% — 2% —122°In 2, (15)
9(2) =14+92—-922 — 234+ 62(1 4 2)Inz. (186)

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

mlzl
M3E |’

The factor [13]
(3] [
(17)

takes into account radiative corrections not included in
the Fermi coupling constant Gz, and the nonlocal struc-
ture of the W propagator. These effects [14] are quite
small: 753" = 0.9960; rho® = 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 v; mass, r,, = 1+6,, ~ 1—8(m,,/m;)?, is quite
small. The present experimental upper limits [12,15] on
the neutrino masses imply |657¢| < 5x107° (90% C.L.),
6774 < 2x1077 (90% C.L.), [677#| < 1.4x1072 (95%
C.L.).

It is fortunate that the two parameters which are linear
in the new-physics contributions,  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.

3 ml2
5 M3,

i 20

25
4

TRC -2

III. EXPERIMENTAL SUMMARY

For p decay, where precise measurements of the po-
larizations of both x4 and e have been performed, there
exist [6] upper bounds on Qrgr, QrLr, and Qgy, and a

[

lower bound on Qrz. They imply corresponding upper
bounds on the eight couplings |g%g|, |92r], and |gBL|-
The measurements of the 4~ and the e~ do not allow us
to determine |g7, | and |g}, | 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 |g¥;| is
obtained [6] from the inverse muon decay v,e™ — p~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 7 lifetime. The measurement
of the 7 polarization and the parameters £ and § is still
possible due to the fact that the spins of the 777~ pair
produced in eTe~ annihilation are strongly correlated
[19-27]. However, the polarization of the charged lepton
emitted in the 7 decay has never been measured. In prin-
ciple, this could be done for the decay 7~ — p~o,v, by
stopping the muons and detecting their decay products
[9]. The measurement of the inverse decay v,.I=™ — 77y
looks far out of reach.

The present experimental status on the 7-decay Michel
parameters is shown in Table II, which gives the world
averages of all published [1-3,12] measurements. 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 77.,_,” [1’2]7 {‘r—>ey 61’%#7 (56)7'—)67 a.nd (65)1'—)[1 [1]'
[The ARGUS measurement [3] of &,_,; and (£8),—; as-
sumes identical couplings for I = e, u. A measurement of
m was published previously [28].]

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

[1 +

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

1
2

3

Qru = + Q=5 14550 . ()

TABLE 1. 90% C.L. experimental limits [18] for the
u-decay gg . couplings.

S

|95 .| <0.55 lg¥ .| > 0.96
1921z | < 0.066 19Y,.n| < 0.033
192, ur| <0.125 19, url < 0.060 197 .| < 0.036

|9erur | < 0.424 |gepur | < 0.110 |gepur | < 0.122




52 CONSTRAINING NEW INTERACTIONS WITH LEPTONIC 7 DECAYS

TABLE II. Experimental averages of the 7-decay Michel
parameters [1-3,12]. The fourth column (v — [) assumes
identical couplings for [ = e,u. The quoted value for 7,
is that obtained directly from measurements of the energy
distribution.

Parameter| T =W T e T =1 | SM
p 0.738 + 0.038 |0.736 4 0.028| 0.733 + 0.022 |0.75

n —0.14+0.23 —0.01 +£0.14 0

13 1.23 +£0.24 1.03 £0.25 1.06 +0.11 1
1) 0.71 £ 0.15 1.11£0.18 0.76 £ 0.09 |0.75
::“ = 0.07+0.14 < 0.28 (90% C.L.), (19)
::e =-0.32+0.17 < 0.14 (90% C.L.), (20)
77l= 0.00+£0.08 < 0.14 (90% C.L.), (21)

where the last value refers to the 7 decay into either l = e
or u, assuming universal leptonic couplings. Since these
probabilities are positive semidefinite quantities, they im-
ply corresponding limits on all |gf’ . | and |g7% | 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 Q7*¢ turns
out to be negative at the 20 level; i.e., there is only a 3%
probability to have a positive value of Q7_7¢. Therefore,
the limits on |g7, ,.| and |g7, .| should be taken with
some caution, since the meaning of the assigned confi-
dence level is not at all clear.

The problem clearly comes from the measured value
of (€6)e. In order to get a positive probability Q,,, one
J

Trosu Gur| _ [ 1.0038 +0.0087
Troe G.. |~ | 1.0008 £ 0.0036
Troe _, |Ger| _ [ 0.9970 £0.0073
T,e G..| = 1 0.9979 +0.0037

where

my g(mlz'/mlz)

él’l = G \/1 +4Any — T (24)

my f(m,z,/m,z) )

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

TABLE III. 90% C.L. limits for the 7r-decay gj.,, cou-
plings. The numbers with an asterisk use the measured value
of (£d)e; the meaning of the assigned confidence level could
be doubtful in this case (see text).

4009

needs (¢ — 1) > 28[(£6) — 3]. Thus, (£6) 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 £+ e and (£6)r e
are not consistent with an effective four-fermion interac-
tion of the form in Eq. (1). That is to say that no flavor-
conserving, derivative-free, four-lepton interaction can be
found, satisfying both these results simultaneously. Fur-
ther, since lepton-flavor violations have no measurable
effect if the final neutrinos are massless and unobserved
[30], and derivative couplings would be suppressed by
m2/MZ, ~ 5 x 10™*, a sizable effect not included in the
effective Hamiltonian (1) seems very unlikely.? Hence,
based solely on theoretical grounds, one can achieve the
conclusion that, within a four-fermion Hamiltonian, ei-
ther (£8)r—. 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(t— - v/ l™y), B = B(t— = v,m"), Bx =
B(t— »v,K ),and B, =B(t~ - v,m~ +v,K~7). 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:

Particle Data Group (PDG) [12
[ (Montreux I[)35]), )2l (22)
(PDG [12])

(Montreux [32]), (23)

TABLE IV. World-average values [12] of the T mass, life-
time, leptonic branching ratios, and B(t~ — v,n" /K7).
The updated numbers in the third column, include prelim-
inary results reported in Ref. [32].

Parameter PDG [12] . Montreux [32]

ms, (1777.175:%) MeV (1777.0 £0.3) MeV
Tr (295.6 £3.1) x 107*® 5| (291.6+1.6) x 107 s
B. (18.01 + 0.18)% (17.79 £ 0.09)%

B, (17.65 £ 0.24)% (17.33 £ 0.09)%

B, (11.7 £ 0.4)% (11.09 £ 0.15)%
Bk (0.67 +0.23)% (0.68 £ 0.04)%

By (12.88 £0.34)% (11.77 £ 0.14)%

T pu T e T—1
|95z < 1.05 < 0.75* < 0.74
9ir < 1.05 < 0.75* <0.74
9bR < 0.53 < 0.38* < 0.37
9Y R < 0.53 < 0.38* < 0.37
9ir < 0.30 < 0.22* <0.21

2The alternative is to go beyond the four-fermion Hamilto-
nian (1), allowing, for example, the decay of the 7 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 7.

In models where n = 0, @m = Gyy; then the
limits (22) and (23) strongly constrain possible devia-
tions from universality. To first order in new physics,
Gy x 1 + Re(AgY;). Therefore, at 90% C.L.,
—0.005 (—0.010) < Re(AgY, . —AgY. . ) < 0.007 (0.018)
and —0.008 (—0.015) < Re(Agy, ., — AgY ., ) < 0.004
(0.009), using the Montreux [32] (PDG [12]) data.

Conversely, if lepton universality is assumed (i.e.,
Gy = Gp, 9, = gZ,), the leptonic decay ratios (22)
and (23) proviedué limits on the low-energy parameter 7.
The best sensitivity [33] comes from G ur, Where the term

proportional to 7 is not suppressed by the small m./m;
factor. The measured B,,/B. ratio implies then

(PDG [12))

] 0.034 +£0.076
m= (Montreux [32]).

0.007 £+ 0.033 (25)
This determination is more accurate that the one in Ta-
ble II, obtained from the shape of the energy distribu-
tion, and is comparable to the value measured in p decay:
Nu—se = —0.007 = 0.013 [34].

A nonzero value of n would show that there are at
least two different couplings with opposite chiralities for
the charged leptons. Since we assume the V' — A coupling
gY . to be dominant, the second coupling would be [9] a
Higgs-type coupling g5 [7 ~ Re(gng)/2, to first order in
new-physics contributions]. Thus Eq. (25) sets the (90%
C.L.) bound: —0.09(—0.18) < Re(g5y) < 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 Gj; with Gg
as extracted from the combination of 3 and K3 decays
[35]. Indeed, the usually quoted values for the CKM
angles are extracted assuming that the coupling constant
g, coupling W 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 first row of the CKM matrix reflects a deviation
of G, from the SM value.

W -exchange model

The universality constraints are commonly presented,
assuming that the leptonic decays proceed exclusively
through the SM V — A interaction. In that case the
@m ratios reduEe to jhe correspondirig raiios of leptonic
W couplings: |Gur/Ger| = |9u/9el; |Ger/Geu| = |gr/gul-
Equation (22) should then be compared with the more
accurate value [36,37]

Iu

| = 1.0017 £ 0.0015, (26)

obtained from the ratio R.;, = T'(7~ — e™7.)/T'(n~ —
B D).
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The decay modes 7~ — v~ and 7~ — v,K~ can
also be used to test universality through the ratios

_ T =)

Rejm = T(r— — p,)
2 3 2 2\2
m 1 —mj/m:
=& 2 — ( 2/ 2)2 (1+5RT/")’
9u mﬂ'mp (1 - mu/mr)
(27)
R _ T~ - v, K7)
KT (K- > pm )
2 3 2 212
9r mr (1 - mK/mT)
= |ZT 1+46R
au| Bz (1= majmiyz (L + 0Bk
(28)

where the dependence on the hadronic matrix elements
(the so-called decay constants fr x) factors out. Ow-
ing to the different energy scales involved, the radia-
tive corrections to the 7= — v,7n~ /K~ amplitudes are,
however, not the same than the corresponding effects in
n~ /K~ — p~v,. The size of the relative correction
has been estimated by Marciano and Sirlin [38] to be
0R,/x = (0.67 = 1)%, where the 1% error is due to the
missing long-distance contributions to the 7 decay rate.
A recent evaluation of those long-distance corrections [39]
quotes the more precise values
6R./r = (0.16 £ 0:14)%, &R,/ = (0.90 £ 0.22)%.

(29)

Using these numbers, the measured 7= — 7~ v, and
7~ — K~ v, decay rates imply

gr| _ [1.027+0.018 (PDG [12])
gul, | 1.006 £0.008 (Montreux [32]),
gr 0.96 £ 0.17 (PDG [12])

(30)

K { 0.972 £0.029  (Montreux [32]) .

Gu
The inclusive sum of both decay modes, ie., [t~ —
h~v,] with h = m, K, provides a slightly more accurate
determination:

] 1.043 £ 0.015

{ (PDG [12)])
~ ) 1.004 £ 0.007

gT
s (Montreux [32]).

a0 (31)

/K

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
W~ — =9, decay modes. The results of these analyses
[40-42] are, however, less precise:

97| —0.99+004. (32

Ge

Iu
9e

= 1.00 £ 0.08,

Thus the present data verify the universality of the lep-
tonic charged-current couplings to the 0.16% (e/u) and
0.37% (7/u) level. The precision of the most recent 7-
decay measurements is becoming competitive with the
more accurate m-decay determination. It is important to
realize the complementarity of the different universality
tests. The pure leptonic decay modes probe the charged-
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current couplings of a transverse W. In contrast, the
decays #/K — lp and 7 — v,n/K are only sensitive
to the longitudinal W 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 unaffected. 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
Lt~ = v ") and T(p™ — vpe De).

J
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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 Egs. (6) be-
come simpler. In particular, the quantities (1 — %p)
and (1 — £¢6) reduce to sums of |git1,, |3, which are posi-
tive semidefinite; i.e., in the absence of tensor couplings,
p < % and & < 3. This allows us to extract direct
bounds on several couplings.

The measured values of p,_e, prospy; Proe, and pr_y;

(I = e, p) imply

199 unl? + 197,12 = —0.0024£0.0035 < 0.0045 (90% C.L.),
19y, wn|> + |ghnr |2 = 0.016£0.051 < 0.094 (90% C.L.), (33)
|g,3‘%m|2 +1905, 12 = 0.019+0.037 < 0.074  (90% C.L.),
9l +lgb,,, 12 = 0.023£0.029 < 0.064 (90% C.L.).
Except for | g;’L ur |, these limits are stronger than the general ones in Tables I and III.
Similarly, one gets from the different £§ measurements
198 url® + 198 nr 12+ 219Y |2+ 3105, e 12 + 195,017 = —0.0017 £ 0.0096
< 0.015 (90% C.L.),
Ig;‘t/LTnlz + 'leRTle + 2’leRTR|2 + %,gftﬂ'alz + %lgfﬂfnlz = 0.05+£0.20
< 0.36 (90% C.L.), (34)
198, 721> + 1980rs 12+ 2007 rn |2 + 3105, |2 + 2|95 .7 = —0.48+0.24
< 0.20 (90% C.L.),
198, nl? + 19 sy 12 + 219 o |2 + 3105 12 + LlgP |2 = —0.01+0.12
< 0.19 (90% C.L.).

The limits on the (x, 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 (£6),_,. 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 — %p) + (1 — £). The present data imply

3‘9:;;41,'2 + |gl/}‘\'l‘R|2 + %Igfz,ualz + %IngMRIZ = —0.0039 + 0.0053

< 0.0067 (90% C.L.),
319, nrs|” + 19 nral® + 1197, ral* + 31020ral? = —0.10£0.13

< 016 (90%C.L.), (35)

3198%rs I* + 1985ra |* + §192, 7a1% + $195575]7 = 0.00+0.13

< 0.21 (90% C.L.),
3191‘;1'1, I2 + IngTle + %lgls;ﬂzlz + %lgls;?"'ﬂlz = 0.01=0.06

< 0.10 (90% C.L.).

The resulting limits on |g¥_, |, |g¥ .-, |, 19 wrrls 19y ral>
195 o rals 19Y.r, |, and lg/,+, | are stronger than the ones
obtained before.

Combining the different limits, one gets the bounds

TABLE V. 90% C.L. limits for the couplings ¢g7,, assuming
that there are no tensor couplings. The numbers with an
asterisk use the measured value of (£6)e.

shown in Table V. The numbers with an asterisk have 052 <lt 0_;56 2; al ;2_) ¢ Z;I

been derived from (£6).. If this information is not used, |£g]§L < 0.066 < 0.80 < 0.63" < 0.62
imi S S RR . . . .

one ﬁn‘(,is the weaker limits |g7_ .| < 0.92, |g>, .| < 0.92, 95l < 0.125 < 0.80 < 0.63" < 0.62
and |g¢, .| < 0.46. . l9f < 0.424 <2 <2 <2
Up to now, our only assumption has been the absence loVz| <70.96 <1 <1 <1

of tensor couplings. However, in many extensions of the 195z < 0.033 < 0.40 < 0.32* <031

SM, the bounds we have derived on the couplings can be |!J\IYR| < 0.060 <0.31 < 0.27 < 0.25

improved due to additional knowledge of the underlying lgsel < 0.047 < 0.23 < 0.27 < 0.18

dynamics. Such is the case with any model whose devi-
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ations from 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]

n n  __..n n
arLr @YRr = QL1 ®“RR (36)

where we have used o (standing for w, a, b, etc.) to
stress that these equations relate four-fermion effective
couplings originating from 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, (u,e), (7,€e), and (7, u).

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

n n — AT n
Cppry Yerrr = Yuprr Xeprr o
n n*x . n n*
Qprre Yerpr = Xuprr Xeppr (37)
an an — a'n

eLTL €RML eRTL aeLuL ’

and

n n* n _
Im (aee‘u ag, am‘n) =0,

(38)
for any chosen set of chiralities (€, A,7y). Other similar
equations may be obtained from these with the help of
Eq. (36). Most of these relations constrain pairs of vari-
ables to the space below a hyperbola.

B. Nonstandard W interactions

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

9, =wl, . (39)

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

]gZLuL| > 0.997 ; |gXL,,L| > 0.83 ;
(40)

lg¥ .| > 0.87* (0.80); |g ., |>0.90.
The two |gY . | limits correspond to the results obtained
using the ({6). measurement (x), or ignoring it (number

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

A4 \ 4
|wlopnl = Wernr Wernr | - 0028 (41)
erpr| T Vv . ’
weLi‘-L

to improve the bound on gZRnR = wXRyR
magnitude.

For the (7, ) channel, we can use the lower bound on
g‘YL,_L, together with the factorization relations among
the couplings of different channels to get the improved
(90% C.L.) limits:

by an order of

,wV Vx
Vv — BLTL €LHKR .
le‘RTLI wV* < 0.060 ;
eLpr
(42)
v ’LUV V*
_ MKLTR ~€eLUR
[wiirral = | =5 < 0.019 .
eLpL
Similarly, for the (7,e) channel we find
% \ %
w w
1wz’un| = M < 0.047 ;
Werng
(43)
v \%
w, w,
\4 — €LTR €RMUL
|weara| = | =225 <0.013 .
eLpr

Notice that no information on (£4). has been used here.
Thus, for the case of nonstandard W-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 wl‘: r, couplings

lwy, .| >095;  |wl

M- Vor| > 0.96 (44)
where the last bound is now independent of the (£6).
measurement.

Table VI summarizes the limits on W-mediated inter-
actions.

TABLE VI. 90% C.L. limits for the w), couplings, corre-
sponding to nonstandard W-mediated interactions, assuming
that any additional interactions are negligible.

I p—re | T T—e
lwil > 0.997 > 0.95 > 0.96
lwhrl < 0.0028 < 0.019 < 0.013
|w¥ gl < 0.060 < 0.31 < 0.27
lw¥i < 0.047 < 0.060 < 0.047




52 CONSTRAINING NEW INTERACTIONS WITH LEPTONIC » DECAYS

C. SM plus charged vector

If in addition to the SM W boson (w}; # 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 (a¥,) that it generates. In
particular, we have seen in Sec. IV that differences of

gir =wip +afp (45)

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 Egs. (41), (42), and (43) do
not provide upper bounds on the single couplings on the
left-hand side. Indeed, the lower bound on gZL uz» Which
affects the sum of the SM with the new contribution, does
not translate into a lower bound for aZL ur- Thisis just a
reflection 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 Egs. (37), to limit products of couplings. What
we cannot do in this case, is use these relations, together
with the lower bound on gXL up» to place limits on a single
coupling.

For instance,

[0 s 9xann] =190 un Gonu,| < 0.0028 (90% C.L.) ,

eLpL
|a’l‘t,LTL g;‘{n‘r}zl = |gl‘l/L"'R gIYRTLl <0.071 (90% C'L‘) ’
|0y . 98 rnl = 19Y +n Gunr,| <0.073  (90% C.L.) .
(46)

These equations establish nontrivial constraints since
they involve a}fL, 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 .aodels that
have a small number of parameters.

D. SM plus charged scalar

In this case p = 3/4 and

2 n=Re(w]} g5R) ~ Re(zglsiR) o, (47)
21 -€) =2 (1 - 5¢6) = |9fr|” + |92l -

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

I

195, unl® + 195.,n]° = —0.006 +0.016 < 0.023,

195, rnl” + |95, ma|” = —046+0.48 < 0.56,
95 al” + 19507 = —0.06+050 < 0.79,
195 P + 1987 = —012£022 < 030. (48)
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The limits on the (u,e) couplings are still weaker than
the ones in Table I, but the others are stronger than the
ones in Egs. (34) and (35). Only the bound obtained
from (£9). is better.

The information on the low-energy parameter 7 gives
the (90% C.L.) limits:

—0.057 < Re (w},

eLpr

—-1.03 < Re (w},

HLTL

Sx
go%.n) < 0.029,

49
Ganen) < 0.47. (49)

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

~0.18 v e
( —0.09 ) <Re (wlLTLglRTn)
0.32 PDG [12]
< (0.12) (Montreux [32] ) > (50)

which, however, is still worse than the limit obtained
from 7, e-

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

S S S S -
|geLuR geR#LI = |geLI~‘-L geR#Rl <3.6x10 2 4

195 s Innral = |95nun Girrel < 0.050 , (51)

improving the limits on the products in the left-hand
side of the equations over the bounds obtainable directly
from Table V. At present, the 71 couplings are only con-
strained by the normalization condition |g,se | <2 and

|g,‘£,L| <1.

VI. CONSTRAINTS
ON NEW NEUTRAL BOSONS

In this section we study the possible existence of neu-
tral bosons violating the leptonic ! and !/ 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 flavor-violating decays into three
charged leptons, such as u — eee. The I — yl'~ oy
decays involve two charged-lepton and two neutrino cou-
plings to the intermediate boson, while decays of the
type I~ — I If 15 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 I~ — 7115 decays
are usually much stronger than those obtained from the
I~ = yl'" by spectra.
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It is easily shown that if, as we are assuming, the final
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 from neutrinoless charged-lepton
decays. In the cases studied here there are no relations
among different channels.

A. SM plus neutral vector

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, Whlch gives the
additional (90% C.L.) limits

1195 unl” +2(0%nua|” <o0.011,
1195 aral” + 2|9 0rn|” <028, )
11950 rel” +2|0%, " <039,
ol +2|0k|? <0.15.

The limits on the (u,e) couplings are weaker than the
ones in Table I, but the others are stronger than the ones
in Egs. (34) and (35). Only the bound obtained from
(€6). is better.

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

gL =wip+arg . (53)

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

S S _ a4V .V
ary agp =4 @y, ARR , (54)

which yields the 90% C.L. bounds

1 -
|aZLML gf‘:/mm! =12 |geL#L gesauRI <9.1x107°
1
\4 s S S
|ay.L-rL Juprrl = Z |gp.L‘rL gy,a‘rgi <0.37, (55)
1
laZL‘rL ge;n';;l = Z |gfL‘rL gfg‘rgl <0.32% (044) .

Again, these relations yield constraints on a¥;, 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
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1/2
\4 2
al’l = au [E Igmnl :l y
R'R
m,n
1/2
S 2
al' 1 =-2an [E Iamnl } )
R'R

m,n

1/2
a:’/l = ,Bl'l [Z |Umn|2:| )
Lis
m,n

1/2
alS’LlL = -2 ﬂlll [Z |0mn|2} N (56)

m,n

where a () is the Hermitian coupling matrix of the right-
(left-)handed charged leptons to the neutral vector and 6
(o) 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 first line remain the same with  substi-
tuted by o and the missing numbers on the second line
are due to the lack of experimental access to Q,, .

B. SM plus neutral scalars

Finally, we consider the case in which there is a neutral
scalar contribution to p and 7 leptonic decays, in addition
to the SM contribution. These new contributions vanish
for the LL and RR couplings and satisfy the relations

\% s T . V —aS. =924T
aLR = @LR = 2aLR; app =agp = 2ag; - (57)
This allows us to express everything in terms of the vector
couplings. One gets then the positive-definite quantities

4 4
1-2p=1- 3¢ =2(lgrl* + l9rsl*) (58)
and
4 1
(1 - §p> + 3 (1-¢) =6lggLl® . (59)

The N = 1 constraint provides the additional relation
1=|g7.1* +2 (I9ZrI* + l9kzl?) - (60)

Thus, 1—3p =1—5£6 = (1 — |g¥.|?), which gives lower
bounds on all g¥; couplings. The resulting 90% C.L.
limits are given in Table VIII.

TABLE VII. 90% C.L. limits on products of quadratic
polynomials in the lepton and neutrino couplings. If one uses
the measured value of (£d)., the number on the last column
will read instead 0.10.

p—e | T pl Te
law[” D2, [Omal” <11x107° <0.14 < 0.20
1B |? Z o 10mnl? <7.6x1072
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TABLE VIII. 90% C.L. limits for the g, couplings, tak-
ing gar = 0, gir = 0, gfr = 9ir = 29ir, and
V 5 _ o T
9drRL = 9rL = 29RL-

“ u—->e| -r——)y,l T—)e” T—=1
lgrz] > 0.998 > 0.95 > 0.96 > 0.97
lg¥ | < 0.047 < 0.22 < 0.19 <0.18
lgkcl < 0.033 <0.16 <0.19 <0.13

In addition we have the constraints from 7, which at
90% C.L. give

Vv Vx
—0.007 <Re(gY ., 9vr..) < 0.004,

61
—0.13 < Re( ) < 0.06. (51

\%4 Vx
gI‘L TR g#R‘rL

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

1/2
> |an|2] ,

1/2
5 IBM@ , (62
m,n

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 from 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.

v
a,, =An
R'L

|4 _ *
al, " A”l
L*R

VII. OPPORTUNITIES FOR PHYSICS
BEYOND THE SM

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 (6§) < 3/4
in all cases that we have studied. Thus one can have new
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physics and still p will be equal to the SM value. In fact,
any interaction consisting of an arbitrary combination
of g5’s and g,‘y’_y’s yields this result [9]. On the other
hand, (6¢) will be different from 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 Eqgs. (6) and recalling that the tensor couplings
can only be generated by r.e” 'val 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 (6¢) > 3/4 one will
also need the presence of a charged scalar.

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

Vv _ S _ o .T. V _ S _o. T
arp = arp =2 arp; apr = agr =2 ag;, (63)

and a charged scalar with couplings b5 . We obtain
3 3 2 2 1 -
p— = =-=12lafpl” +2lags| + SRe(airbin
4 4 2
+aiLb§2)j| )
3 31 2 1 2
(€6) — 1= "1 [Efbfml + §|afR — b3l
3 2 3 2 2
+§|ain +birl + §|a€R| +2[agy|

1 *
+5Re(aiLbfn)} . (64)

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

bS
Re <—§—R) <-4 (65)
ALR
or
bS
Re <%) <-4. (66)
ARL

As for (6€), 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.

SM + charged vector SM + charged scalar SM + neutral vector SM + neutral scalar
nonstandard W
p—3/4 <0 SM SM <0
E—1 AS <0 <0 AS
(6¢) —3/4 <0 <0 <0 <0
n SM AS AS AS
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that there were at least a charged scalar and a neutral
scalar in action. A measurement of (6{) greater than 3/4
would then discriminate between RL and LR couplings.
However, as pointed out before, a measurement of (6§) >
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
Hamiltonian.

VIII. CONCLUSIONS

We have used the recent measurements on the Michel
parameters in 7 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 from different decays. If the most
important new feature is the coupling of the usual W bo-
son with right-handed leptons, then the data from muon
neutrino scattering off electrons can be used to improve
some of the limits on couplings in 7 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 flavor-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 from the Michel parameters only compete with
those provided by the decays I~ — I7l5l;, 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 bosons

We parametrize the interaction of a neutral vector bo-
son V2 with the leptons by
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L=Jrvo, (A1)
where
Jh = (Mvv 2\/5GF> [[Iv*(avr + B!
+o7*(0vr + ovL)V] . (A2)

My is the mass of the neutral vector, yr,r = (1 +5)/2
are the chirality projectors, and «, 3, 0, and o are 3 x 3
Hermitian matrices in the respective flavor spaces.

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

1
T 2M?

H JrIY, (A3)
which, after Fierz transforming, yields an effective inter-
action between two neutrinos and two charged leptons of
the form
4G R — N
H = O [ (r v vule)

+B10mn (V) VT VulL)
—200'10mn (EVZ) (WIR)

~2B010mn (T V) VL)) - (A9)
As expected, the chirality-changing couplings RL and LR
vanish. Notice that the resulting effective couplings sat-
isfy the relation

aS aS _ 4aV \Z

Ualp Il —

(A5)

Uplp Ul *

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

a;;ln =a © |, a;";lR =2 X,
al‘fl:lL =BT , ailL =-20 0, (A6)
where
1/2 . 1/2
0= [Zwm,,ﬁ] , = {ZI‘TMV] . (A7)
m,n mn

The Lagrangian (A1) also induces flavor-changing de-
cays of y and 7 into three charged leptons. Neglecting
the masses of the final leptons, the corresponding decay
widths can be written as

52
m;Gg

F[l- - ll_l;_l:‘}_] = 1927‘_3 lil5l3 0

(A8)

where C,’1 1,1; are quartic polynomials in the lepton cou-
plings a and g, given by
Clitats = W { (lanat® + 1B1t?) (|ewtgta > + 1Brsiz %)
+ (lalsllz + 1:813112) (lahlzlz + |131112|2) (A9)
+2Re [allla,';la;s,zafl,z +(a—B)]} , (A10)

and wg denotes the appropriate statistical factor (wg = 1
for Iy # I3 and ws = 1 for I; = [3). The present exper-
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TABLE X. 90% C.L. limits [45,46] on products of quartic
polynomials in the couplings.

l ” i | i Iy [ Bounds on cllllzls

| e | et | e | <1.0x107*2
e~ et e <19x10°°
- ut w <24x107°
o et no <2.0x10"°

T e” ut e <19x1075
u ut e~ <2.0x107°
e~ et u” <1.9x107°

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, from Table VII
we find

|@enl® < 3.7 x 107%;
|pr|® < 4.7x 1072,
|aer|? < 6.7 x 1072,

|Bepl? < 2.5 x 1072,

(A11)
while the bound on I — 3!’ provides much more stringent
limits;

|ep|? + |Bepl® < 3.3 x 10712,

,ap,rlz + I,B‘yrlz < 8.0 x 10_6 ,

|oter|? + |Ber|? < 6.3 x 107° . (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

gmm

[27}]

~10%, (A13)
then the information in the Michel parameters becomes
comparable with that in 7 — 3e and 7 — 3u 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.

2. Neutral scalar bosons
The interaction of a new flavor-violating, neutral scalar
boson S° with the leptons can be written as
L£L=J8°, (A14)

where
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J = (Msv \/_Z_GF) [l_(AT’YR +A’YL)I
+o(Btyg + ByL)v] , (A15)

Mg is the mass of the neutral scalar, and A and B are
3 x 3 matrices in the respective flavor spaces. Again, since
Mg is typically much larger than the energy scale of u and
7 decays, the interaction is effectively of the four fermion
type. After Fierz transforming, the *l95™v™ interaction
is described by the Hamiltonian (1), with effective cou-
plings
*

S  _—94T . = A.. Vo — A..
gli?li - 2gl'ﬂli - AzJan ’ gl}*lJL - AlJBnm ]

(A16)

S  _o T  _ a* p* Vo A%,
Gy, = 29, = 4jiBam 5 9, = AjiBmn -

The LL and RR couplings vanish. Notice the relation

s s _ Vv v
95,5913, = Y3 903, (A17)

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

1% _ .S _ T —
9, =9, =29, =AnQ,
RL R'L R°L

V _ .S _oT _ gx !
gl,LlR—gl,LlR—-zgl,LlR—A”lQ, (AlS)

where

(A19)

1/2
Q= {Z |an|2] .
m,n

This new flavor-changing neutral scalar also con-
tributes to the decays I~ — I7Ifl;. The corresponding
decay widths are given by

52
m; Gy
19273 Thlbls ?

M~ =iy = (A20)
where the Dfllz 1, are quartic polynomials in the charged-
lepton couplings:

D} 1y = ws { (1 4nil? + 14, 1?) (AL + 411, |%)
+ (| Atl® + 140 1?) (|46, * + |As, %)
—Re [AlllAyalAlslz A;(llz + A?ll A”sA;;lsAlzll]} .
(A21)

For the case of u — 3e, this combination of couplings is
greatly simplified:

D = 5 (Al + 14eul?) el (A22)
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 I~ — I7IFl; will be much
stronger than those from [~ — I'—vo.
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