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We continue our previous work on the flavor-conserving leptonic decays of theZ boson with neutral heavy
leptons~NHL’s! in the loops by considering box, vertex, and self-energy diagrams for the muon decay. By
inclusion of these loops~they contribute to the input parameterMW), we can probe the full parameter space
spanned by the so-called flavor-conserving mixing parameterseemix ,mmmix ,ttmix . We show that only two
diagrams from each class~box, vertex, and self-energy! are important; further, after renormalization only two
box diagrams ‘‘survive’’ as dominant. We compare the results of our analysis with the existing work in this
field and conclude that flavor-conserving decays have certain advantages over traditionally considered flavor-
violating ones.@S0556-2821~97!02103-6#

PACS number~s!: 14.60.St, 12.15.Ff, 13.35.Bv

I. INTRODUCTION

We have previously considered@1# a simple extension of
the standard model~SM! with an enriched neutral fermion
spectrum consisting of a massless neutrino and a Dirac neu-
tral heavy lepton~NHL! associated with each generation
@2–4#. Several parameters can be used to characterize the
model: ‘‘flavor-conserving’’ mixing parameters
eemix , mmmix , ttmix ; ‘‘flavor-violating’’ mixing param-
eters emmix , etmix , mtmix ; and the mass scaleMN of
NHL’s ~assuming three degenerate NHL’s!. We considered
the effect, via these parameters, of NHL’s on flavor-
conservingZ boson decays to charged leptons and on the
W boson massMW . However, in our earlier work, we ne-
glected all mixing parameters exceptttmix , which is the
least well constrained. Here, we generalize our analysis by
considering the case of arbitrary mixingseemix, mmmix , and
ttmix . Our previous neglect ofeemix andmmmix allowed us
to also neglect a number of contributions to the muon decay
corrections which feed intoMW as an input parameter. In-
cluding these couplings, non-SM box, vertex, and self-
energy diagrams contributing to the muon decay~see Figs. 1,
2, 5! may become important for the calculation ofMW . In
our previous paper@1#, as a result of the assumption
eemix5mmmix50, only oblique corrections~corrections to
theW propagator! had to be considered. Here we consider
the full set of corrections. Still, we assume here vanishing
flavor-violating mixing parameters:emmix ,etmix ,mtmix50.
These parameters, if nonzero, lead to further complications,
which in general require, as argued in a recent work@5#, the
renormalization of the mixing matrix. This is an interesting
topic by itself; nevertheless, it is not crucial for our consid-
erations. We note that the smallness ofemmix is confirmed by
experiment@6–11#.

The inclusion of the arbitrary flavor-conserving mixing
parameters completes our studies of the NHL’s impact on the
processes considered here. We compare our constraints on
the parameters of the model with those coming from the
traditionally favored flavor-violating processes, such as
m→eg, t→eee, Z→em, etc. @3,7–14#. We find that the

processes we consider have certain advantages over the latter
ones.

This paper is organized as follows. In Sec. II below, we
briefly review a superstring-inspired SU(2)L3U(1)Y model
of neutrino mass and the constraints on the mixings and
masses of the model. In Sec. III, we present the additional
muon decay corrections, identifying which contributions are
important. Ultimately, our earlier results can primarily be
improved by the tree-level modification of the vertex by mix-
ing factors. In the limit of largeMN , only two box diagrams
finally contribute but these are numerically only marginally
important. Given the muon decay corrections, we also
present the one-loop modification of the constraint on
ttmix . In Sec. IV, we consider more generally the work done
in this field. We contrast the sensitivity to the presence of
NHL’s in flavor-violating processes with the results for
flavor-conserving processes. We include a calculation of the
flavor-violating leptonic decays of theZ boson in our model.
We summarize in Sec. V.

II. A SUPERSTRING-INSPIRED SU„2…L3U„1…Y MODEL
OF NEUTRINO MASS

Here, we briefly describe the model of neutrino mass
which we consider. For more details, we refer the reader to
the original papers@2–4# or our previous work@1#. The
model extends the neutral fermion sector of the SM by two
new weak isosinglet neutrino fields (nR ,SL) per generation.
With total lepton number conservation imposed, the mass
matrix is given by

2Lmass5
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5
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EachnL ,nR ,SL represents a collection of three fields, one
for each family.D andM are 333 matrices. The diagonal-
ization of the mass matrix yields three massless neutrinos
(n i) along with three Dirac NHL’s (Na) of massMN;M .
The weak interaction eigenstates (n l ,l5e,m,t) are related
to the six mass eigenstates via a 336 mixing matrix
K[(KL ,KH):

n l5 (
i51,2,3

~KL! l in i L1 (
a54,5,6

~KH! laNaL
. ~2!

The mixing factor which typically governs flavor-conserving
processes,l l mix , is given by

l l mix5 (
a54,5,6

~KH! la~KH
† !al, l5e,m,t, ~3!

and the flavor-violating mixing factorl l 8mix is defined as

l l 8mix5 (
a54,5,6

~KH! la~KH
† !al8, l ,l 85e,m,t, lÞ l 8.

~4!

Further, the following important inequality holds:

u l l 8mixu2< l l mixl 8l 8mix , lÞ l 8. ~5!

This implies that one might observe nonstandard effects in
flavor-conserving processes even if they are absent in flavor-
violating processes.

We note here existing constraints on the parameter space
of the model.Indirect constraintson the flavor-conserving
mixing parameterseemix ,mmmix ,ttmix have been obtained
from a global analysis of results including lepton universality
measurements, Cabibbo-Kobayashi-Maskawa~CKM! matrix
unitarity tests,W mass measurement, and measurements at
the CERNe1e2 collider LEP I. These constraints arise pri-
marily at tree level due to the modification of couplings from
those of the SM. Nardiet al. @15# have found the upper limits

eemix<0.0071, mmmix<0.0014, ttmix<0.033. ~6!

Since the limit on the parameterttmix plays ~as the least
stringent one so far! the most important role in our analysis,
we will pay further attention to its source. Them2t univer-
sality test is based on thet leptonic decays compared to the

m leptonic decays, with the result given as the ratio of the
couplings oft andm to theW boson,gt /gm . The tree-level
ratio is found from

G~t→enn!/GSM~t→enn!

G~m→enn!/GSM~m→enn!
5S gt

gm
D 25 12ttmix

12mmmix
. ~7!

This measurement has undergone substantial improvement
recently. With the most recent result gt /gm
50.999460.0028@16#, the constraint onttmix is improved
from its previous value of 0.033 by a factor of about 3. To
reflect this improvement we present most of our results either
for the values ofttmix ranging from 0.033 to 0.01, or in a
general form withttmix as a variable. In a few cases~e.g.,
when quoting results of others on flavor-violating processes!,
however, we only usettmix50.033. Finally, we note that
these indirect limits depend very weakly onMN ; this point
will be illustrated at the end of Sec. III.

Since NHL’s have not been directly observed in theZ
decay Z→Nn, we focus on NHL masses
MN@MZ ,MW ,MH . These can be probed indirectly vialoop
effects in either flavor-violating or flavor-conserving pro-
cesses. As argued in our previous work@1#, only in this case
are the contributions of NHL’s via loops possibly significant,
due to the violation of the Appelquist-Carazzone decoupling
theorem@17#. Analogous to the behavior of the top quark
loop contributions in the SM, quadratic nondecoupling~am-
plitudes;MN

2 ) often results here.

III. NHL CONTRIBUTIONS TO MUON DECAY

A. Box diagrams

We first consider the box diagrams contributing to the
muon decay, as depicted in Fig. 1. Diagrams of Figs. 1~b!,
1~f!, 1~g! each come in two varieties, with either massless
neutrinos or NHL’s in the loop. All diagrams without NHL’s
are similar to their SM counterparts; the only slight differ-
ence comes from the mixing factors in vertices~such as
12 l l mix , see Appendix A!. All the box graphs are finite.

The results of our computation of the diagrams of Figs.
1~a!–1~g! are given in Appendix A.@The QED box ampli-
tude of Fig. 1~h!,MgeWm , is given in Ref.@18#.# The domi-
nant nonstandard contribution in the limit of
MN@MZ ,MW ,MH comes from just two graphs depicted in
Fig. 1~e!, one with Higgs bosonH and one with neutral
unphysical Higgs bosonx. To show that these two graphs

FIG. 1. Box diagrams for muon decay.
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are dominant we could take the largeMN limit of the exact
results given in Appendix A. We would find that only these
two graphs exhibit quadratic nondecoupling, i.e., quadratic
overall dependence onMN . The remaining graphs with
NHL’s are either constant in the largeMN limit, or decouple
as 1/MN

2 . However, here we prefer a more intuitive approach
based on dimensional analysis considerations and power
counting.

The amplitude for the diagram with the Higgs bosonH
@Fig. 1~e!# is given by ~we sum over NHL’sNa ,Nb with
MNa

5MNb
5MN and neglect external momenta in the inter-

nal propagators!

MfNHN5(
a,b

E dk4

~2p!4
ūnm

2 ig2
2

MN

MW
~KL

†KH! ia

3
11g5

2

i

k”2MN

ig2

2A2
MN

MW
~KH

† !am

3~12g5!umv̄e
ig2

2A2
MN

MW
~KH!eb

3~11g5!
i

k”2MN

2 ig2
2

MN

MW
~KH

†KL!b j

3
12g5

2
vne

i

k22MW
2

i

k22MH
2 . ~8!

Various mixing factors can be collected as

kmix[~KL
†KH! ia~KH

† !am~KH!eb~KH
†KL!b j

5~KL
†! im~KL!e jeemixmmmix , ~9!

where we usedemmix5mtmix50. Neglecting some constant
factors which we will restore later, we get

MfNHN;MN
4 E d4k

~2p!4
k2

~k22MN
2 !2~k22MW

2 !~k22MH
2 !
.

~10!

Note that the Lorentz structure of the amplitude is such that
NHL propagatorsi /(k”2MN) contribute asik” /(k22MN

2 )
rather thaniM N /(k

22MN
2 ). In the limit of largeMN we can

neglect all masses and momenta exceptMN , obtaining

MfNHN;MN
4 E d4k

~2p!4
1

~k22MN
2 !2k2

. ~11!

The integral is expected to be of the form (MN)
p; power

counting yieldsp522, so indeed the amplitude depends
quadratically onMN :

MfNHN;MN
4MN

225MN
2 . ~12!

We can further improve our estimate by restoring the con-
stants collected from Eq.~8!:

MfNHN5cMtree

a

sW
2

MN
2

MW
2 eemixmmmix , ~13!

where

Mtree52
ig2

2

8MW
2 @ ūnm

~11g5!gaum#@ v̄e~11g5!g
avne

#

3~KL
†! im~KL!e j ~14!

is the tree-level amplitude. The remaining numerical factor
c can be found from the exact result given in Appendix A. It
is equal toc51/64p.

Similarly, the amplitudeMfNxN is, in the largeMN limit,
equal toMfNHN . Dimensional analysis can also be applied
to the remaining boxes, confirming thatMfNHN and
MfNxN are the only box diagrams with quadratic nondecou-
pling.

B. Vertex diagrams

We next consider together vertex corrections and correc-
tions to the external charged leptons. Diagrams modifying
theWmn i vertex are depicted in Fig. 2. Another set, one that
modifies theWen j vertex, is not shown.

The sum over the depicted set of diagrams gives the muon
vertex amplitudeMvertex

m :

Mvertex
m 5MmnZ1MmNZ1MZWm1MgWm1MWZn

1MWZN1MfZN1MWHN1MfHN1MfxN

5LmMtree. ~15!

Explicit expressions for each of these amplitudes are given in
Appendix A. They are divergent and we renormalize them
with the SM form counterterms@18# ~renormalized quantities
are distinguished by the caret!:

L̂m5Lm1dZ1
W2dZ2

W1dZL
m , ~16!

where

dZ1
W2dZ2

W52
a

2psW
2 S 2e 2g1 ln4p2 ln

MW
2

m2 D
52

a

2psW
2 DMW

, ~17!

FIG. 2. Vertex diagrams for muon decay.
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dZL
m52SL

m~mm
2 !1

a

2p S 2lnmm

l
21D , ~18!

2/e with e→0 is the pole of the dimensionally regularized
amplitudes and l is the regularized photon mass.
SL

m5SL
WN1SL

Wn1SL
fN1SL

Zm1SL
gm is the left-handed part

of the muon self-energy, with the individual terms corre-
sponding to the loops shown in Fig. 3. All these contribu-
tions are given in@1,18#. The term which we use specifically
below, SL

fN , is given in Appendix A. In our scheme, the
renormalized charged lepton self-energies do not contribute
directly, but rather through the renormalization constant
dZL . Cancellation of divergences occurs as usual between
the vertex loops and the counterterm contributions but we
focus here on theMN-dependent terms only. Looking for the
dominant graphs in the limitMN@MW ,MZ ,MH , we find
~either by taking the limit of exact results or using dimen-
sional analysis and power counting! that the graphs of Fig.
2~f! have quadratic nondecoupling. However, both infinite
and finite parts of these two graphs are canceled in the large
MN limit by theSL

fN term @see Fig. 3~b!# in the counterterm
dZL

m Therefore, there remain noMN
2 -dependent terms in the

renormalized vertex diagrams.
This curious cancellation can be seen either explicitly

~bothSL
fN andMfHN ,MfxN are given in Appendix A! or,

better yet, after applying the symmetries of the theory. The
way to go is to study the more familiar case of ag l l vertex.
This vertex is modified from its tree-level valueiegm by the
one-loop diagrams shown in Fig. 4 as~we show only vector
and axial-vector corrections!

iegm→ iegm~11FV!2 iegmg5FA . ~19!

We now use a Ward identity@18,19#, which relates the vertex
form factorsFV,A evaluated at (p11p2)

250 (p1 ,p2 are lep-
ton momenta! to charged lepton self-energies represented by
the countertermsdZV,A

l :

FV,A~0!1dZV,A
l 5

1

4sWcW

SgZ~0!

MZ
2 , ~20!

where dZV
l 5 1

2(dZL
l 1dZR

l ), dZA
l 5 1

2(dZL
l 2dZR

l ), and
SgZ(0)5(a/2p)(MW

2 /cWsW)DMW
is the term originating in

the bosonic loops of theg-Z mixing. At small MN the
graphs with unphysical Higgs bosonf are negligible; how-
ever, withMN@MW ,MZ ,MH two types of graphs dominate
the left-hand side of Eq.~20!: the irreducible vertex~form
factor! FV,A

ffN @see Fig. 4~c!# and the self-energy~its vector or
axial-vector part! dZV,A

fN ~Fig. 3b!. Since the right-hand side
of Eq. ~20! is not affected by the NHL’s, it remains constant

and ~very! small with respect toFV,A
ffN or dZV,A

fN at MN;1
TeV. Hence, the only way to meet the above formula is to
have

FV,A
ffN1dZV,A

fN 50 ~21!

in the limit of largeMN . If we now return from theg l l
vertex to theWmn vertex, we find a similar result~for proof
see Appendix B!:

LfHN1LfxN1dZL
fN50; ~22!

that is, the two dominant nonstandard contributions from Eq.
~16! cancel exactly, including the finite parts. Since the re-
maining nonstandard contributions are not enhanced by the
quadratic nondecoupling and are suppressed by the mixings,
vertices can be reliably represented by the SM terms.

C. Neutrino self-energy and its renormalization

Half the neutrino self-energy diagrams contributing to
muon decay are shown in Fig. 5. The corresponding self-
energy is denoted asSnm. The other half consists of the same
loops sitting on the bottom neutrino leg with the correspond-
ing self-energySne. In all these diagrams, we sum over the
internal massless neutrinosnk ,k51,2,3. In principle, the
graphs withnk replaced byNa are also present; however,
they are suppressed by the large massMN .

The unrenormalized neutrino self-energySn l ( l5e,m)
has the form

Sn l5
1

2
SL

n lp” ~12g5!, ~23!

where SL
n l receives contributions~given in Appendix A!

from the diagrams of Fig. 5. The amplitude for those dia-
grams, in terms ofSL

n l , can be shown to be equal to

FIG. 3. Charged lepton self-energies.

FIG. 4. g l l vertex.
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Mself52Mtree

SL
n l

2
, ~24!

where the factor12 comes from our dealing with the external
wave function rather than the neutrino propagator.

Let us now investigate the question of the renormalization
of Sn l. In this case the counterterms are modified from their
SM form. The problem is how to renormalize a part of a
theory where interaction eigenstates are different from mass
eigenstates. Curiously, this also happens in the SM quark
sector@20#. The difference is that in the SM the problem is
circumvented by arguing that the off-diagonal quark mixings
are too small to have any effect in the loops and the renor-
malization procedure is effectively simplified to that of mass
eigenstates being also flavor eigenstates. In our model, we
cannot neglect the ‘‘off-diagonal’’ mixings~their role is as-
sumed byl l mix), since they~in combination with TeV NHL
masses! lead to the dominant terms in the predicted deviation
from SM results. This problem was studied in Refs.@5,20#.
In Ref. @5# it was shown that, in general, the renormalization
of the divergent amplitudes requires the renormalization of
the mixing matrix. In our model, the amplitudes can be
renormalized without the renormalization of the mixing ma-
trix, if the assumption of zero flavor-violating mixing param-
eters is made. Our scheme is a straightforward extension of
the SM counterterm.

We start with the counterterm Lagrangian, which has the
same form as that of the SM,

idZL
en̄e]”ne1 idZL

mn̄m]”nm1 idZL
t n̄t]”nt . ~25!

Weak eigenstatesn l are given in terms of mass eigenstates
n i ,Na in Eq. ~2!. This gives us, for the productn̄ ln l ,

n̄ ln l5 (
k,i51,2,3

n̄ i~KL
†! i l ~KL! lknk1•••~ n̄ iN,N̄nk ,N̄N!,

~26!

and Eq.~25! thus contributes the massless neutrino counter-
term

(
k,i51,2,3

$dZL
e~KL

†! ie~KL!ek1dZL
m~KL

†! im~KL!mk

1dZL
t ~KL

†! i t~KL!tk%n̄ i]”nk . ~27!

In our case we sum over internalnk but not over external
n i . The graphic representation of the relevant counterterm
~embedded in muon decay! is in Fig. 6.

The amplitude for this diagram is

MC52
1

2
Mtree

SM (
l5e,m,t

(
k51,2,3

3dZL
l ~KL

†! i l ~KL! lk~KL
†!km~KL!e j . ~28!

Again, the factor12 comes from our dealing with the external
wave function rather than with the internal propagator.
Mtree

SM is the tree-level amplitude for muon decay in the SM.
The mixing factors (KL

†)km and (KL)e j originate at the
mWnk andeWn j vertices, respectively. The amplitudeMC
can be further simplified:

MC52
1

2
Mtree

SM (
l5e,m,t

dZL
l ~KL

†! i l (
k51,2,3

3~KL! lk~KL
†!km~KL!e j

52
1

2
Mtree

SM (
l5e,m,t

dZL
l ~KL

†! i l ~d lm2 lmmix!~KL!e j

52
1

2
Mtree

SMdZL
m~12mmmix!~KL

†! im~KL!e j

52
1

2
dZL

m~12mmmix!Mtree. ~29!

The factor (KL
†) im(KL)e j was absorbed byMtree

5Mtree
SM(KL

†) im(KL)e j .
Now, we can write down the final expressions for the

renormalized amplitudeM̂self and the renormalized neutrino

self-energyŜL
n l:

M̂self5Mself1MC52
SL

n l

2
Mtree2

dZL
l

2
~12 l l mix!Mtree,

~30!

ŜL
n l5SL

n l1dZL
l ~12 l l mix!. ~31!

The constantdZL
l was given in Eq.~18!.

To prove the cancellation of the infinities, we note that the
infinite part ofdZL

l is given by@1,18#

dZL
l ,`52

a

4p

1

sW
2 H 121

1

4cW
2 1

MN
2

4MW
2 l l mixJ Dm , ~32!

where Dm52/e2g1 ln4p1lnm2. The infinite part of the
neutrino self-energy is~see Appendix A!

FIG. 5. Neutrino self-energy diagrams for muon decay.

FIG. 6. Counterterm diagram for neutrino self-energy in muon
decay.
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SL
n l ,`5

a

4p

1

sW
2 H MN

2

4MW
2 l l mix~12 l l mix!1

1

2
~12 l l mix!

1
1

4cW
2 l l mix~12 l l mix!1

1

4cW
2 ~12 l l mix!

2J Dm .

~33!

From the formulas above it can be easily seen that infinities
cancel out in Eq.~31!.

We now investigate the largeMN behavior of the renor-

malized neutrino self-energyŜL
n l , this time using exact re-

sults. The two diagrams of Fig. 5~c! contribute to the self-
energy with an overall factor ofMN

2 . For largeMN , the
coefficients of these diagrams contain the functions

B0~p;MH,Z,W ,MN!;122lnMN ,

B1~p;MH,Z,W ,MN!;20.251 lnMN . ~34!

This implies quadratic nondecoupling forSL
H(p) and

SL
x(p) such that

SL
H~p!1SL

x~p!5
a

2p

1

4sW
2 l l mix~12 l l mix!

MN
2

MW
2

3F12Dm1
3

4
2 lnMNG . ~35!

SL
fN @see Fig. 3~b!#, which contributes toŜL

n l via the coun-
tertermdZL

l @see Eqs.~18! and~31!#, is given in Appendix A
@Eq. ~A8!#. From here, we can see that~once again! SL

fN not
only cancels infinities inSL

H(p) andSL
x(p), but, in the large

MN limit investigated, it also cancels the finite parts. As a
result, there is no quadratic nondecoupling in the renormal-
ized neutrino self-energy and, as in the case of irreducible
vertex corrections, it suffices to consider just the SM loops.

D. Results

The loop corrections to muon decay modify the quantity
Dr in the implicit relation betweenMW andGm as @1#

MW
2 sW

2 5
pa

A2Gm~12Dr !
S 12

1

2
eemix2

1

2
mmmixD , ~36!

where 12 1
2eemix2

1
2mmmix is the tree-level correction in our

model andDr can be written as

Dr5
Re ŜW~0!

MW
2 1dV . ~37!

ŜW(0) is the renormalized self-energy of theW boson which
we previously calculated@1#. The parameterdV is the sum of
the boxes, irreducible vertices, and self-energies calculated
in the previous sections, along with the equivalent contribu-
tions to theWen vertex,

dV5
MgeWm1Mbox

Mtree
1L̂m1L̂e2

1

2
Ŝne2

1

2
Ŝnm. ~38!

Based on the previous sections, we expect thatdV can be
reliably represented as

dV8dV
SM1db

em5dV
SM1

a

64psW
2

MN
2

MW
2 eemixmmmix , ~39!

wheredV
SM is the SM value@18# and the rest comes from just

two box diagrams@Fig. 1~e!#.
Numerical results for the corrections to muon decay are

shown in Table I. As input data we used the following set
~henceforth the standard set!: MZ591.1884 GeV,
a215137.036, A[pa/A2Gm537.281 GeV, MH5200
GeV, mt5176 GeV. The mixing parameters used are
eemix50.0071 andmmmix50.0014 while forttmix we show
results for both the minimal and the maximal value allowed,
0 and 0.033, respectively.ttmix is the least well-constrained
mixing; however, there is no particular theoretical motiva-

TABLE I. Contribution of the muon decay loops todV , D r , andMW .

SM MN 5 0.5 TeV MN 5 5 TeV MN 5 15 TeV MN 5 30 TeV

eemix50.0071, mmmix50.0014, ttmix50.0

Ŝne1Ŝnm 24.995 24.972 24.982 2 4.988 24.992 31022

L̂m 21.441 21.442 21.444 2 1.444 21.445 31022

Mbox/Mtree 4.273 4.300 4.315 4.457 4.950 31023

dV 6.670 6.539 6.525 6.652 7.133 31023

ŜW(0)/MW
2 2.396 2.346 2.301 1.872 0.329 31022

Dr 3.063 3.000 2.954 2.537 1.043 31022

MW @GeV# 80.459 80.537 80.545 80.612 80.846 31
eemix50.0071, mmmix50.0014, ttmix50.033

dV 6.670 6.538 6.627 8.050 — 31023

ŜW(0)/MW
2 2.396 2.363 1.209 213.322 — 31022

Dr 3.063 3.017 1.871 212.517 — 31022

MW @GeV# 80.459 80.534 80.718 82.549 — 31
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tion to assume that it is actually larger than the other mix-
ings. Hence, we give results withttmix suppressed in order
to illustrate the dependence oneemix and mmmix . For
ttmix50 in the first three rows of the table we show the
contributions of the self-energy, vertex, and box diagrams to
dV ~row 4! for NHL massesMN of up to 30 TeV. Also

shown~rows 5,6! are ŜW(0)/MW
2 andDr since, ultimately,

we are interested in NHL effects in the observableMW ~row
7!. The SM values are given in the first column. The results
confirm expectations from the previous sections. There is no
nondecoupling for self-energies and vertices and there is a
quadratic dependence onMN , in the largeMN limit, for the
boxes. The boxes are becoming important at very high
masses. Still, they are small compared to the change in

ŜW(0)/MW
2 . This is due to the fact that the dominant boxes

enter with the coefficienteemixmmmix @see Eq.~13!#, while
the correction to theW propagator is proportional to
kHH5eemix

2 1mmmix
2 1ttmix

2 @1#, which is allowed to be
larger given the current bounds on the mixings. TheW mass
jumps from MW

SM580.459 GeV toMW580.537 GeV at
MN50.5 TeV, mainly as a result of the tree-level correction
factor (12 1

2eemix2
1
2mmmix) @see Eq.~36!#. After that it rises

very slowly until the MN-dependent amplitudes become
dominant above 5 TeV.

The results forttmix50.033 case~Table I, rows 8–11!

are similar. We only showdV , ŜW(0)/MW
2 , Dr , andMW

since the boxes, self-energies, and vertices change slowly
with ttmix ~they only depend implicitly onttmix , via sW), as
illustrated bydV in row 8. The relative impact of non-SM

boxes (dV) onDr compared to that ofŜW(0)/MW
2 decreases

with increasing ttmix . ŜW(0)/MW
2 ;ttmix

2 MN
2 corrections

actually violate~for MN.5 TeV! the perturbative unitarity
bound discussed in Ref.@1# .

To sum it up, the analysis of Ref.@1# turns out to be
basically valid even after the restrictioneemix5mmmix50 is
relaxed. The numerical predictions can be improved by the
inclusion of the tree-level correction (12 1

2eemix2
1
2mmmix),

while the largest loop corrections, the box diagrams of Fig.
1e, are only marginally important. Only in the case of the
Z decay intoe1e2, with eemix andttmix now made compa-
rable, does the character of theMN dependence change~see
below!.

The impact of these results is shown in Figs. 7 and 8. We
give theZ leptonic widths as a function of NHL mass for the
two cases,eemix50 and eemix50.0071, (mmmix is negli-
gible! in Figs. 7 and 8, respectively. These figures show the
widths for three values ofttmix : 0.033, 0.02, and 0.01.
The remaining input data come from the standard set. The
dashed lines represent the 1s variation about the current
experimental results for the individualZ leptonic widths,

FIG. 7. Z leptonic width as a function ofMN for eemix50,
mt5176 GeV, Higgs boson mass5200 GeV, and different values
of the mixing parameterttmix : ~a! Z→tt mode,~b! Z→eemode.
The dashed lines represent the 1s band about the current experi-
mental value~a! Gtt

expt583.8560.29 MeV, ~b! Gee
expt583.9260.17

MeV.

FIG. 8. Z leptonic width as a function ofMN for
eemix50.0071,mt5176 GeV, Higgs boson mass5200 GeV, and
different values of the mixing parameterttmix : ~a! Z→tt mode,
~b! Z→eemode. The dashed lines represent the 1s band about the
current experimental value~a! Gtt

expt583.8560.29 MeV, ~b! Gee
expt

583.9260.17 MeV.
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Gtt
expt583.8560.29 MeV andGee

expt583.9260.17 MeV @21#.
The one-loop SM prediction isGtt5Gee584.03 MeV.

We have discussed the main features of Figs. 7~a! and
7~b! (G l l;ttmix

2 MN
2 , rising Gee vs falling Gtt for ttmix

dominatingeemix) previously@1#. Here, we point out that the
main difference between Figs. 7~a! and 7~b! and Figs. 8~a!
and 8~b!, namely, the total upward shift of the widths in the
latter, can indeed be traced to the tree-level correction to the
m decay. Unfortunately, this tree-level correction interferes
destructively with the one-loop corrections which driveGtt
widths down. Also note that asttmix andeemix become com-
parable, so doGtt andGee, as expected.

Our best constraints at the 2s level on NHL mass come
from Gtt , shown in Fig. 7~a!;1 we getMN<4.3 TeV for
ttmix50.033, MN<7 TeV for ttmix50.02, andMN<13
TeV for ttmix50.01. These constraints can be neatly sum-
marized in the approximation

MN<4.33
0.033

ttmix
TeV. ~40!

Here, this assumesttmix dominateseemix .
We note that as the value ofttmix is more tightly con-

strained, these limits are less restricted than those from per-
turbative unitarity considerations@1#:

MN<43A0.033/ttmix TeV. ~41!

Finally, we note that our computation of the muon decay
loops also enables us to find the one-loop modification of Eq.
~7! by NHL’s:

G~t→enn!/GSM~t→enn!

G~m→enn!/GSM~m→enn!
5S gt

gm
D 25 12ttmix

12mmmix

112db
et

112db
em ,

~42!

where db is given in Eq. ~39!. For MN54 TeV, and the
current constraints on the mixing parameters, we find that the
one-loop correction is only about 1% of the tree-level cor-
rection; therefore, the constraints of Ref.@15# are indeed in-
dependent of the NHL mass.

IV. FLAVOR-CONSERVING VS FLAVOR-VIOLATING
DECAYS

In this section, we review the constraints on the param-
eters in our model as derived from flavor-violating and
flavor-conserving decays~the latter will be represented by
the leptonic decays of theZ boson!. We compare the sensi-
tivity of these two classes of processes to the presence of
NHL’s.

Lepton flavor-violating decays have so far received a lot
more attention@3,7–14# than the flavor-conserving processes
@1,22#. The calculation of the flavor-violating processes is
simpler, with a smaller number of contributing diagrams and
without the need to renormalize. Also, there could be a cer-
tain preconception that the experimental signature of the fla-
vor violation is more ‘‘dramatic.’’ It is our intention to show
here that in many cases this expectation is not justified. We
give also the results of our calculation of flavor-violating
decays of theZ boson. A summary of experimental limits,
theoretical predictions, and the constraints on the mixings
and/or NHL masses implied by flavor-violating decays is
given in Table II. We will now address these decays one by
one.

In the case of the flavor-violating mixing parameters, the
constraint on one of them,emmix , arises from the measured
limit of a rare decaym→eg. This decay was studied in the
context of our model and of seesaw models with enhanced
mixings ~an example of a seesaw model with enhanced mix-
ings is the model of Ref.@23#! by several authors@7–11#.
Them→eg branching ratio goes likeuemmixu2 times a func-
tion which is independent ofMN for MN.500 GeV. The
current experimental limit on them→eg branching ratio,
Bexpt<4.9310211 @6#, yields a very stringent upper limit on
the mixing of uemmixu<0.00024~see Table II!.

1Constraints fromGee shown in Fig. 7~b! are just slightly worse at
the 2s level.

TABLE II. Flavor-violating decays: experimental limits, theoretical predictions, and the constraints
implied.

Process ExperimentalB @6# TheoreticalB Limits on masses and/or mixings

m→eg <4.9310211 90% C.L. 4.9310211 a uemmixu<0.00024
t→eg <1.231024 90% C.L. 731027 b —
t→mg <4.231026 90% C.L. 731027 b —
m→eee <1.0310212 90% C.L. 1.0310212 c

MN
2<0.9331025 1 TeV2

eemixuemmixut→eee <1.431025 90% C.L. 531027 d —
t→emm <1.431025 90% C.L. 331027 d —
Z→em <6.031026 95% C.L. 3.331028 e —
Z→et <1.331025 95% C.L. 1.431026 e —
Z→mt <1.931025 95% C.L. 2.231027 e —

auemmixu50.00024, MN.0.5 TeV; Ref.@9#.
beemix50.043,mmmix50.008,ttmix50.1, MN.0.5 TeV; Ref.@9#.
cMN

23eemixuemmixu50.933102531 TeV2; Ref. @11#.
deemix50.01,mmmix50,ttmix50.033,MN53 TeV; Ref.@14#.
eeemix50.0071,mmmix50.0014,ttmix50.033,MN55 TeV; this paper and Ref.@14#.
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One might expect the other flavor-violating mixing pa-
rameters,etmix andmtmix , to be limited by the correspond-
ing flavor-violating t decays. However, experimental
limits on t→eg and t→mg, Bexpt<1.231024,
Bexpt<4.231026, respectively @6#, are much weaker.
Moreover, the predicted rateBth5731027 @9# is now out of
date due to improved constraints on the mixings~see Table
II !. With the current limit (ttmix50.033), the predicted rate
would be smaller by at least one order of magnitude, imply-
ing that the theoretical result is two orders of magnitude
below the experimental upper limit formg mode and about
three orders foreg mode. As a result, it is not these flavor-
violating processes which place the strongest limits on the
flavor-violating mixing parameters. Rather, formtmix and
etmix , we have to use indirect limits obtained by combining
the global analysis results for the flavor-conserving mixing
parameters with the inequality, Eq.~5!.

Several other flavor-violating processes at very low ener-
gies have been considered. Another well-constrained muon
decay mode ism→e2e2e1 (Bexpt<1.0310212, @6#!, stud-
ied in Refs.@7,8,10,11#. The calculation shows the quadratic
nondecoupling which we will encounter in the lepton flavor-
violating decays of theZ boson below. Reference@11# gives
~with an assumption discussed therein! the following con-
straint on NHL mass as a function ofeemix ,emmix ~see Table
II !:

MN
2<0.9331025

1 TeV2

eemixuemmixu
. ~43!

Also considered in Refs.@7,8,11# is m2e conversion in nu-
clei, m2(A,Z)→e2(A,Z). The resulting constraint on the
producteemixuemmixu @11# is similar to the one above.

For the flavor-violating decays of thet into three leptons
(t→ e2e2e1, e2m2m1, etc.! we know of no calculation
studying the large~TeV! NHL mass limit in the context of
our model. However, within the seesaw model of Ref.@23#,
Pilaftsis @14# predicts with the current limits on mixings
(ttmix50.033) and for MN53 TeV rates
Bth(t→e2e2e1)5531027, Bth(t→e2m2m1)5331027

which are well below the current experimental limit
Bexpt<1.431025 @6# ~see Table II!.

Finally, hadronic decay modes of thet lepton,
t→ lh,lp0 @9# are also disfavored by loose limits, e.g.,
Bexpt(t→m2p0)<4.431025 @6#.

Consider now the case of the flavor-violating leptonic de-
cays of theZ boson. These rare processes were studied in the
context of our model previously@3,12#; however, the limit of
large NHL mass was not fully investigated. This point was
noted in Ref. @13#, where the branching ratios for
Z→ l 1

2l 2
1 (e6m7,m6t7,e6t7) were derived in the seesaw

model of Ref.@23#. We, therefore, here present the results in
our model, having carefully treated the case of a large NHL
mass but without showing the calculational details. The loop
diagrams involved are very similar to those of the flavor-
conserving leptonic decays of theZ boson which we dis-
cussed fully in Ref.@1# and the calculation of the flavor-
violating process is very similar to that of Ref.@13# for the
other model. The particular predictions depend, along with
the NHL mass, on the various mixings and their relative
phases. We do not present full details here since the results
are not particularly promising. The branching ratio

B( l 1
6l 2

7)[G l
1
1 l

2
21 l

1
2 l

2
1 /GZ is shown as a function ofMN in

Figs. 9~a! and 9~b!. The parameterd introduced in these
figures corresponds to the allowed range of relative phases
arising in the mixing factors. In Fig. 9~a!, we setd521 and
in Fig. 9~b!, d511.

As an example for comparison with experiment, using
maximally allowed mixings (ttmix50.033) andd511, we
predict the following branching ratio limits forMN55 TeV:

Bth~Z→e6m7!,3.331028,

Bth~Z→e6t7!,1.431026,

Bth~Z→m6t7!,2.231027. ~44!

These results are similar to those of Ref.@14#, where, as
noted above, the calculation was done in the context of a
seesaw model with enhanced mixings. For experimental lim-
its see Table II. Our most promising prediction, for theet
mode, is at least one order of magnitude below the experi-
mental limit. Hence, the flavor-violating leptonic decays of
theZ boson do not represent a good chance for finding evi-
dence of NHL’s.

We conclude that the flavor-violating processes give only
one ~mixing-dependent! constraint on NHL mass2 coming
from m→eee~or m2e conversion in nuclei!, see Eq.~43!.
For eemix50.0071 and uemmixu50.00024, this yields
MN,2.3 TeV. For the remaining flavor-violating processes
to become sensitive to NHL mass, the experimental upper
limits would have to be pushed down by at least one order of

2The extremely useful limit onemmix arising fromm→eg, is not
sensitive toMN , for MN.500 GeV.

FIG. 9. The branching ratioZ→ l 1
6l 2

7 as a function ofMN for ~a!
d521, ~b! d511.
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magnitude for flavor-violating leptonic decays of theZ bo-
son, and by one to two orders of magnitude for flavor-
violating decays of thet lepton. This most likely requires
increased high luminosity running at LEP I energy and at
factory @24#.

On the other hand, the flavor-conserving processes lead to
limits on MN summarized in Eq. ~40!, which for
ttmix50.033 giveMN,4.3 TeV. These limits depend on
different mixing parameters than the flavor-violating con-
straint and thus probe a different part of the mixings vs NHL
mass parameter space. A disadvantage of the flavor-violating
decays is that they are always proportional to a flavor-
violating parameter and this can lead, via the inequality@Eq.
~5!#, to their further suppression with respect to flavor-
conserving processes. It is perfectly possible that there might
be signatures of the flavor-conserving processes even if there
is no sign of the flavor-violating ones.

V. CONCLUSIONS

In this paper, we have generalized our previous analysis
of a model containing NHL’s by relaxing the restriction on
mixing parameterseemix5mmmix50. This involved evaluat-
ing one-loop corrections to the muon decay which feed into
the input parameterMW . We found that two box diagrams
exhibit quadratic nondecoupling but that they are only mar-
ginally important numerically. Hence, the numerical results
of Ref. @1# remain basically valid, although they can be im-
proved by the inclusion of the tree-level correction to the
muon decay, (12 1

2eemix2
1
2mmmix).

The massMN , if larger thanMZ , can presently mainly be
probed in radiative corrections~loops!. A traditional ap-
proach was mostly limited to hypothetical lepton flavor-
violating processes such asm→eg, m,t→ee1e2,
Z→e6m7, etc. @3,7–14#. We reviewed constraints from
these processes in Sec. IV.

NHL’s could also induce~again via radiative corrections!
deviations from the SM in currently observed processes,
such as those we have previously considered: the leptonic
widths of theZ bosonG l l , lepton universality-breaking pa-
rameterUbr , and the mass of theW bosonMW . The effect
of the NHL massMN in such radiative corrections is, on the
one hand, suppressed by small mixings; on the other hand, it
is enhanced due to nondecoupling, the violation of the

Appelquist-Carazzone theorem@17#. These competing ten-
dencies are reflected by the typical behavior of the dominant
terms,

;~ttmix!
2MN

2 . ~45!

To make up for the small mixings, only NHL’s with masses
in the TeV range can lead to significant deviations from the
SM. In the case of one mixing,ttmix , dominating, we found
@see Eq.~40!# the following approximate dependence of
MN on ttmix (2s level!:

MN<4.33
0.033

ttmix
TeV, ~46!

which arises from the consideration ofZ leptonic decays. We
also found some sensitivity of theW mass to NHL mass and
mixings, but these are quite dependent on the top quark mass
so we cannot summarize them in the same way.

These limits onMN are only matched by those from
m→eee. The flavor-violating decay rates fort, which we
reviewed in Sec. IV, and for theZ boson, derived in Sec. IV,
are below the current experimental sensitivity. Moreover, the
m→eeedecay depends only oneemix andemmix , two of the
six mixing parameters, and may be unobservable ifeemix
and/or emmix are very small. The inequality@Eq. ~5!# can
further suppress the flavor-violating processes against the
flavor-conserving ones via the ‘‘conspiracy of the phases’’ in
the sum of complex terms making up the flavor-violating
parameters.

For these reasons, the first signatures of neutral heavy
leptons could come from flavor-conserving observables. At
this time, LEP has stopped its runs at theZ-peak energy and
is running at 1302140 GeV. It will eventually be producing
W pairs which will allow the massMW to be measured
with a precision of 0.044 GeV @25# ~currently
MW580.41060.180 @26#!. Combined with more precise
measurements of the top quark mass we might be in a posi-
tion to place even more stringent limits on NHL masses and
mixings from our prediction ofMW .
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APPENDIX A

The total contribution of the box diagrams@Figs. 1~a!–1~g!# is

Mbox5MZeWm1MWnZn1MWnZN1MWNZn1MWNZN1MfNZN1MWNHN1MWNxN1MfNHN1MfNxN1MZnWm

1MZNWm1MWeZn1MWeZN

5Mtree

a

4p H 21

4sW
2 cW

2 MW
2 @4~2 1

2 1sW
2 !2I01I0~12mmmix!~12eemix!1I1~MZ!~12mmmix!eemix

1I1~MZ!mmmix~12eemix!1I2~MZ!eemixmmmix#1
1

4sW
2 MN

4 F 1cW2 I3~MZ!1I3~MH!1I3~MZ!

2
1

4MW
2 I2~MH!2

1

4MW
2 I2~MZ!Geemixmmmix1

2~2 1/21sW
2 !

sW
2 cW

2 MW
2 @I0~12eemix!1I1~MZ!eemix

1I0~12mmmix!1I1~MZ!mmmix#J , ~A1!
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where the integralsI0 ,I1(m),I2(m),I3(m) are

I05
~4p!2

i E d4k

~2p!4
1

k2~k22MW
2 !~k22MZ

2!
5

1

MZ
22MW

2 ln
MW

2

MZ
2 , ~A2!

I1~m!5
~4p!2

i E d4k

~2p!4
1

~k22MN
2 !~k22MW

2 !~k22m2!
5

1

m22MW
2 H lnMW

2

m2 1
MN

2

MW
2 2MN

2 ln
MW

2

MN
2 2

MN
2

m22MN
2 ln

m2

MN
2 J ,

~A3!

I2~m!5
~4p!2

i E d4k

~2p!4
k2

~k22MN
2 !2~k22MW

2 !~k22m2!

5
1

m22MW
2 H 1

12 ~MW
2 /MN

2 !
1

~MW
4 /MN

4 ! ln~MW
2 /MN

2 !

~12 ~MW
2 /MN

2 !!2
2

1

12~m2/MN
2 !

2
~m4/MN

4 ! ln~m2/MN
2 !

~12~m2/MN
2 !!2 J , ~A4!

I3~m!5
~4p!2

i E d4k

~2p!4
1

~k22MN
2 !2~k22MW

2 !~k22m2!

5
1

m22MW
2 H 1

MN
22MW

2 1
MW

2 ln~MW
2 /MN

2 !

~MN
22MW

2 !2
2

1

MN
22m2 2

m2ln~m2/MN
2 !

~MN
22m2!2 J . ~A5!

The computation of the vertex diagrams@Figs. 2~a!–2~f!# yields

Mvertex
m 5MmnZ1MmNZ1MZWm1MgWm1MWZn1MWZN1MfZN1MWHN1MfHN1MfxN

5Mtree

a

4p H 2sW2 21

4sW
2 cW

2 S DMZ
2
1

2D ~12mmmix!1
2sW

2 21

4sW
2 cW

2 S DMZ
2
1

2
2

MN
2

MZ
22MN

2 ln
MZ

2

MN
2 D mmmix

1

1
2 2sW

2

sW
2 S 3DMW

1
5

2
1

3

sW
2 lncW

2 D 13S DMW
1
5

6 D 1
3

2sW
2 S DMW

1
5

6
1

1

sW
2 lncW

2 D ~12mmmix!

1
3

2sW
2 FDMW

1
5

6
1

1

sW
2 lncW

2 1
MN

2

MZ
22MW

2 v~MZ!Gmmmix1
1

2cW
2

2MN
2

MZ
22MW

2 v~MZ!mmmix

1
1

2sW
2

2MN
2

MH
2 2MW

2 v~MH!mmmix1
1

8sW
2

MN
2

MW
2 FDMW

1
3

2
2

MH
2

MW
2 2MH

2 ln
MW

2

MH
2 1

MN
2

MH
2 2MW

2 v~MH!Gmmmix

1
1

8sW
2

MN
2

MW
2 FDMW

1
3

2
2

MZ
2

MW
2 2MZ

2 ln
MW

2

MZ
2 1

MN
2

MZ
22MW

2 v~MZ!GmmmixJ , ~A6!

where

v~m!5 ln
MW

2

m2 1
MN

2

MW
2 2MN

2 ln
MW

2

MN
2 2

MN
2

m22MN
2 ln

m2

MN
2 . ~A7!

The part of the charged lepton self-energy which we specifically use in the text is
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SL
fN51

a

16psW
2 l l mix

MN
2

MW
2 FDm1

3

2
22lnMNG . ~A8!

The left-handed part of the neutrino self-energy~Fig. 5! is given by

SL
n l5SL

H~p!1SL
x~p!1SL

Z,N~p!1SL
Z,n~p!1SL

W~p!

5
a

2p
~12 l l mix!H 1

8sW
2 l l mix

MN
2

MW
2 F12Dm1B0

f in~p;MH ,MN!1B1
f in~p;MH ,MN!G

1
1

8sW
2 l l mix

MN
2

MW
2 F12Dm1B0

f in~p;MZ ,MN!1B1
f in~p;MZ ,MN!G

1
1

4sW
2 cW

2 l l mixF12Dm2
1

2
1B0

f in~p;MZ ,MN!1B1
f in~p;MZ ,MN!G

1
1

4sW
2 cW

2 ~12 l l mix!F12Dm2
1

2
1B0

f in~p;MZ,0!1B1
f in~p;MZ,0!G

1
1

2sW
2 F12Dm2

1

2
1B0

f in~p;MW ,ml→0!1B1
f in~p;MW ,ml→0!G J . ~A9!

Here,s5p250!MH
2 ,MZ

2 ,MW
2 ,MN

2

The functionsB0 andB1 are defined as (D52/e2g2 lnp):

B0~p;m1 ,m2!5E dnq

ip2

1

~q22m1
21 i e!@~q2p!22m2

21 i e#
5D1B0

f in~p;m1 ,m2!,

B0
f in~p;m1 ,m2!52E

0

1

dx ln@p2x21m1
22~p21m1

22m2
2!x#,

Bm~p;m1 ,m2!5E dnq

ip2

qm

~q22m1
21 i e!@~q2p!22m2

21 i e#
52pmB1 ,

B1~p;m1 ,m2!52
1

2
D1B1

f in~p;m1 ,m2!,

B1
f in~p;m1 ,m2!5E

0

1

dx ln@p2x21m1
22~p21m1

22m2
2!x#x. ~A10!

For s5p2 small with respect tom1
2 ,m2

2 ,m2, we have

B0~p;m1 ,m2!512
m1
21m2

2

m1
22m2

2 ln
m1

m2
2 lnm12 lnm21O~s!, B0~p;0,m!5122lnm1O~s!,

B1~p;m1 ,m2!5
1

2

1

m2
22m1

2 Fm1
21m2

2

2
2

m1
2m2

2

m1
22m2

2 ln
m1
2

m2
2 G2

1

2
B0~p;m1 ,m2!, B1~p;0,m!52

1

4
1 lnm1O~s!. ~A11!

APPENDIX B

Here, we prove Eq. 22,LfHN1LfxN1dZL
fN50, using Eq.~21!.

We note the vertexVffN
g @Fig. 4~c!# is given as

VffN
g [ iegmFV

ffN2 iegmg5FA
ffN

5(
a
E dnq

~2p!n
1 ig2

A2MW

~KH! laMN

11g5

2

i

q”2p” 12MN

1 ig2

A2MW

~KH
† !alMN

3
12g5

2

i

~q2p12p2!
22MW

2

i

q22MW
2 ie~22q1p11p2!m . ~B1!

If we now return from theg l l vertex to theWmn vertex @Fig. 2~f!#, we have
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VfHN
W 5(

a
E dnq

~2p!n
2 ig2
2MW

MN~KL
†KH! ia

11g5

2

i

q”2p” 12MN

1 ig2

A2MW

~KH
† !alMN

3
12g5

2

i

~q2p12p2!
22MH

2

i

q22MW
2

ig2
2

~12q2p12p2!m . ~B2!

A similar expression holds forVfxN
W . The Lorentz structure of Eqs.~B1! and~B2! is the same. In the largeMN limit, MH and

MW in the propagators are negligible; therefore, the only possible difference between the two vertices comes from constant
factors. If we forget for a moment about the mixing factors, it can be easily checked that

VfHN
W 5

A2g2
4e

VffN
g ,

MfHN1MfxN[~LfHN1LfxN!Mtree5ūnm
~VfHN

W 1VfxN
W !um

igmn

MW
2 v̄e

ig2

2A2
~KL!e jgn~12g5!vne

LfHN1LfxN52FV
ffN52FA

ffN . ~B3!

Hence@using Eqs.~B3! and ~21!#,

LfHN1LfxN1dZL
fN52FV

ffN1dZV
fN1dZA

fN52~FV
ffN1dZV

fN!50. ~B4!

That is, the two dominant nonstandard contributions from Eq.~16! cancel. To show that the inclusion of the mixing factors will
not affect Eq.~B4!, note that the mixing factor for theWmn vertex, which we denote ask1, is related to that of theg l l vertex,
denoted ask2, in the approximation in which flavor-violating mixing factorsemmix ,tmmix , etmix are vanishing, as follows.

k15(
a

~KH
† !am~KL

†KH! ia5~KL
†! ie(

a
~KH!ea~KH

† !am1~KL
†! im(

a
~KH!ma~KH

† !am1~KL
†! i t(

a
~KH!ta~KH

† !am

5~KL
†! ieemmix1~KL

†! immmmix1~KL
†! i ttmmix5~KL

†! immmmix5~KL
†! imk2 . ~B5!

The remaining factor (KL
†) im is absorbed intoMtree as required.
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