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We continue our previous work on the flavor-conserving leptonic decays & twson 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 loopg&hey contribute to the input parameter,), we can probe the full parameter space
spanned by the so-called flavor-conserving mixing parameters , 4 4mix, T7mix- W€ show that only two
diagrams from each clagbox, vertex, and self-energgre 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[S0556-282(197)02103-9

PACS numbgs): 14.60.St, 12.15.Ff, 13.35.Bv

I. INTRODUCTION processes we consider have certain advantages over the latter

We h iousl ideré] a simple extension of o>
€ have previously considergtl] a simpie extension o This paper is organized as follows. In Sec. Il below, we

the standard mode(lSM) with an enncheq neutral ferm|on briefly review a superstring-inspired SU(2J U(1)y model
spectrum consisting of a massless neutrino and a Dirac ne{ netring mass and the constraints on the mixings and
tral heavy lepton(NHL) associated with each generation nagses of the model. In Sec. Ill, we present the additional
[2-4]. Several parameters can be used to characterize thg,on decay corrections, identifying which contributions are
model:  “flavor-conserving”  mixing  parameters mportant. Ultimately, our earlier results can primarily be
€€nix, MMmix» TTmix; flavor-violating” mixing param-  improved by the tree-level modification of the vertex by mix-
eters eumix, €Tmix, MTmix; and the mass scal®ly of  ing factors. In the limit of largéM, only two box diagrams
NHL's (assuming three degenerate NHL'$Ve considered finally contribute but these are numerically only marginally
the effect, via these parameters, of NHL's on flavor-important. Given the muon decay corrections, we also
conservingZ boson decays to charged leptons and on theresent the one-loop modification of the constraint on
W boson masiM,,. However, in our earlier work, we ne- 77y. In Sec. IV, we consider more generally the work done
glected all mixing parameters except,,, which is the in this field. We contrast the sensitivity to the presence of
least well constrained. Here, we generalize our analysis b{HL’s in flavor-violating processes with the results for
considering the case of arbitrary mixing8,, xmyx, and flavor-conserving processes. We include a calculation of the
7T OUr previous neglect ofe., and uu ., allowed us fIavor-vioIating I_eptonic decays of the boson in our model.
to also neglect a number of contributions to the muon decayVé Summarize in Sec. V.
corrections which feed intdl,y as an input parameter. In-
cluding these couplings, non-SM box, vertex, and self-
energy diagrams contributing to the muon detsse Figs. 1,
2, 5 may become important for the calculation Mf,,. In
our previous papefl], as a result of the assumption  Here, we briefly describe the model of neutrino mass
€6€nix= MMmix=0, only oblique correctiongcorrections to  which we consider. For more details, we refer the reader to
the W propagator had to be considered. Here we considerthe original paper§2—4] or our previous work[1]. The
the full set of corrections. Still, we assume here vanishingnodel extends the neutral fermion sector of the SM by two
flavor-violating mixing parameter®umix,€Tmix, 4 Tmix=0.  New weak isosinglet neutrino fieldag,S;) per generation.
These parameters, if nonzero, lead to further complicationd)Vith total lepton number conservation imposed, the mass
which in general require, as argued in a recent Woijkthe  matrix is given by
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 smallnes®gf,,;, is confirmed by r :}M
experimen{6-11]. mass 2

The inclusion of the arbitrary flavor-conserving mixing c
parameters completes our studies of the NHL’s impact on the 1 0 b 0 VR
processes considered here. We compare our constraints on =—(v. n{ S DT 0 MT ng | +H.c.
the parameters of the model with those coming from the 2 0O M 0 s
traditionally favored flavor-violating processes, such as
u—ey, T—eeg Z—eu, etc.[3,7-14. We find that the 1)

Il. A SUPERSTRING-INSPIRED SU(2), x U(1)y MODEL
OF NEUTRINO MASS
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FIG. 1. Box diagrams for muon decay.
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Each v ,ng,S, represents a collection of three fields, oneu leptonic decays, with the result given as the ratio of the
for each family.D andM are 3<3 matrices. The diagonal- couplings ofr and u to theW boson,g,/g,, . The tree-level
ization of the mass matrix yields three massless neutrinogatio is found from

(v;) along with three Dirac NHL's I{,) of massMy~M.

The weak interaction eigenstates, (| =e,u,7) are related ['(r—evv)/TSM r—evr) 9.\% 1— 77
to the six mass eigenstates via a8 mixing matrix F(,u—>ew)/1“5'\"(u—>ew): a :—1—Mﬂmix' @)
K=(KL.Kp):

This measurement has undergone substantial improvement
— o recently. With the most recent resultg./g
" i;,z,s(KL)"V'L+a§15,6(K”)'aNaL' @ 00004 0.0028[16], the constraint onrr is improved
from its previous value of 0.033 by a factor of about 3. To
The mixing factor which typically governs flavor-conserving reflect this improvement we present most of our results either
processed| iy, iS given by for the values ofrr, ranging from 0.033 to 0.01, or in a
general form withrr,, as a variable. In a few casés.g.,
when quoting results of others on flavor-violating procegses

_ t _
W i = agae(KH)'a(KH)a" I=e.p.m, ®) however, we only userr,,=0.033. Finally, we note that
these indirect limits depend very weakly dhy; this point
and the flavor-violating mixing factdt ', is defined as will be illustrated at the end of Sec. Ill.

Since NHL's have not been directly observed in the
N decay Z—Nv, we focus on NHL masses
' ix= ;Se(KH)Ia(KH)aIH Ll'=e,u, 7, 1#1". My >M;, My, M, . These can be probed indirectly \i@op
o 4) effectsin either flavor-violating or flavor-conserving pro-
cesses. As argued in our previous wétk, only in this case
are the contributions of NHL's via loops possibly significant,
due to the violation of the Appelquist-Carazzone decoupling
7 2=t Vs 117 (5) theorem[17]. Analogous to the behavior of the top quark
loop contributions in the SM, quadratic nondecoupliag-
,plitudes~M§) often results here.

Further, the following important inequality holds:

This implies that one might observe nonstandard effects i
flavor-conserving processes even if they are absent in flavor-
violating processes. Ill. NHL CONTRIBUTIONS TO MUON DECAY
We note here existing constraints on the parameter space
of the model.Indirect constraintson the flavor-conserving
mixing parametere e, v, L Lmix, TTmix have been obtained We first consider the box diagrams contributing to the
from a global analysis of results including lepton universalitymuon decay, as depicted in Fig. 1. Diagrams of Figb),1
measurements, Cabibbo-Kobayashi-Mask#@&M) matrix  1(f), 1(g) each come in two varieties, with either massless
unitarity tests,W mass measurement, and measurements ateutrinos or NHL'’s in the loop. All diagrams without NHL’s
the CERNe* e~ collider LEP I. These constraints arise pri- are similar to their SM counterparts; the only slight differ-
marily at tree level due to the modification of couplings from ence comes from the mixing factors in verticesich as
those of the SM. Nardkt al.[15] have found the upper limits  1—1l,,, see Appendix A All the box graphs are finite.
The results of our computation of the diagrams of Figs.
eenix=0.0071, pumx=<0.0014, 77,,<0.033. (6) 1(a)—1(g) are given in Appendix A[The QED box ampli-
tude of Fig. 1h), M ew, , is given in Ref[18].] The domi-
Since the limit on the parameterr,,;, plays (as the least nant nonstandard contribution in the limit of
stringent one so farthe most important role in our analysis, My>Mz,Myy,,My comes from just two graphs depicted in
we will pay further attention to its source. The— 7 univer-  Fig. 1(e), one with Higgs bosorH and one with neutral
sality test is based on theleptonic decays compared to the unphysical Higgs bosoty. To show that these two graphs

A. Box diagrams
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are dominant we could take the laryly limit of the exact Wz oy » v N
results given in Appendix A. We would find that only these = < é Al
two graphs exhibit quadratic nondecoupling, i.e., quadratic " N Z’;L)fiw WLH{Z
overall dependence oM,. The remaining graphs with W w W
NHL's are either constant in the lardé, limit, or decouple
as 1Mﬁ,. However, here we prefer a more intuitive approach a b )
based on dimensional analysis considerations and power
counting. N N N

_The amplitu_de for the diagram with the Higgs bo_s|dn 6z w Y. u o "
[Fig. 1(e)] is given by (we sum over NHL'sN,,N, with gw

My, =My, =My and neglect external momenta in the inter-
nal propagatons

d) e) b
dk* __ —ig, My
Mgnun= E f 277)4u P Wv EKH)ia FIG. 2. Vertex diagrams for muon decay.
2 k—My 22 My Kian iq2
u, (1+ u,ve(1+ @
__ig, My Myree= SMZ[ ¥5) Ya ,u][ve( ¥s)Y UVe]
X(1- 75)” Ve = \/—M —(Kieb
2v2 X(KD)iu(KL)e 14
1 i _ 92 KT is the tree-level amplitude. The remaining numerical factor
X(1+y5)—— ( KL )bj N :
k—My 2 ¢ can be found from the exact result given in Appendix A. It
1 ) ] is equal toc=1/64ar.
% st ! I ) Similarly, the amplitudeM 4y, is, in the largeM  limit,

2 Tek’—M3 k2—ME’ equal toM 4y - Dimensional analysis can also be applied

to the remaining boxes, confirming thatf,yyn and

Various mixing factors can be collected as Myn,n are the only box diagrams with quadratic nondecou-
pling.
mlx (K KH)la(K )a,u(KH)eb(K KL)b]
:(KL)iM(KL)ejeemixM/Jvmin ©) B. Vertex diagrams

We next consider together vertex corrections and correc-

where we use@umix=u7mix=0. Neglecting some constant tions to the external charged leptons. Diagrams modifying
factors which we will restore later, we get the Wu v, vertex are depicted in Fig. 2. Another set, one that
4%k K2 modifies theWev; vertex, is not shown.

(2m)* (K2=MR)2(kK~ M) (K>~ Mﬁ()l‘o) vertex amplitudeM~

4
Mgnun~My

MIL :M V2+M N2+MZW +MW +MWZ
Note that the Lorentz structure of the amplitude is such that ~ =" = * ~ VWi v

NHL propagatorsi/(k—My) contribute asik/(k?—M32) + Mwznt Mygznt Mwunt Mgunt Mg
rather thariM  /(k%— Mﬁ). In the limit of largeM  we can An

i =A*Myee (15
neglect all masses and momenta exddpt, obtaining

The sum over the depicted set of diagrams gives the muon

d%k 1 Explicit expressions for each of these amplitudes are given in

M¢NHN~Mﬁ, 27 (R=M2)%e (11 Appendix A. They are divergent and we rgnormalize_ _them
N with the SM form countertermd 8] (renormalized quantities

distinguished by th t
The integral is expected to be of the foriv()P; power are distinguished by the caye

counting yieldsp=—2, so indeed the amplitude depends

NI W_ oW
quadratically onM : A#=A#+ 07y~ 62y + OZf, (16)
M gnan~MEM =M. (120  where
We can further improve our estimate by restoring the con- " " a (2 M3,
stants collected from Ed8): 6Ly — 62y =~ 2ns e v+ In47r—|n7
o M2 a
M¢NHN CMtreeT Weemlx:uluvmpu (13 =- HVAMW' 17)
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w ¢
. z y
N v N ! ! ! ! FIG. 3. Charged lepton self-energies.
a) b) c) d)
,  « m, and (very) small with respect t={4" or 6Z{, at My~1
oz{=—X{(m)+5_{2In—=—1], (18)  TeV. Hence, the only way to meet the above formula is to
have
2/e with e—0 is the pole of the dimensionally regularized Fs/sﬁNJr 52\%:0 21)

amplitudes and N\ is the regularized photon mass.
St=3"N+ 3+ 3PNE 3B+ 3S# s the left-handed part in the limit of large My . If we now return from theyll

of the muon self-energy, with the individual terms corre-vertex to theWu v vertex, we find a similar resuffor proof
sponding to the loops shown in Fig. 3. All these contribu-see Appendix B

tions are given i1,18]. The term which we use specifically

below, N, is given in Appendix A. In our scheme, the A gint A g+ 6ZPN=0; (22)
renormalized charged lepton self-energies do not contribute

directly, but rather through the renormalization constanthat is, the two dominant nonstandard contributions from Eq.
8Z, . Cancellation of divergences occurs as usual betweefil6) cancel exactly, including the finite parts. Since the re-
the vertex loops and the counterterm contributions but wenaining nonstandard contributions are not enhanced by the
focus here on thé/ y-dependent terms only. Looking for the quadratic nondecoupling and are suppressed by the mixings,
dominant graphs in the limiMy>M,,,M;,M,, we find vertices can be reliably represented by the SM terms.
(either by taking the limit of exact results or using dimen-

sional analysis and power countjntpat the graphs of Fig. C. Neutrino self-energy and its renormalization

2(f) have quadratic nondecoupling. However, both infinite
and finite parts of these two graphs are canceled in the lar
My limit by the Eﬁ’N term[see Fig. 8)] in the counterterm
6Z}* Therefore, there remain rid2-dependent terms in the

e Half the neutrino self-energy diagrams contributing to
YRuon decay are shown in Fig. 5. The corresponding self-
energy is denoted 85"~. The other half consists of the same

: . loops sitting on the bottom neutrino leg with the correspond-
renormalized vertex diagrams. _ . ing self-energy® . In all these diagrams, we sum over the

This curious cancellation can be seen either explicitly; ;o -nai massless neutrinog ,k=1,2,3. In principle, the
¢N . . . . ) L) ) . L)

(both%{"™ and M, M, are given in Appendix Aor,  graphs withs, replaced byN, are also present; however,
better yet, after applying the symmetries of the theory. Thqhey are suppressed by the large mislss.

way to go is to study the more familiar case oyl vertex. The unrenormalized neutrino self-ener@y (I=e, w)
This vertex is modified from its tree-level valiey, by the  pas the form
one-loop diagrams shown in Fig. 4 age show only vector
and axial-vector corrections 1,

$M=S3P(1- ), (23

|e’y”'*>|e’y”’(1+':v)_|e’ylu’}/5FA (19)
where 3" receives contributionggiven in Appendix A

We now use a Ward identifj18,19, which relates the vertex from the diagrams of Fig. 5. The amplitude for those dia-

form factorsFy » evaluated atjg; +p2)?=0 (p1,P2 are lep-  grams, in terms ok,", can be shown to be equal to
ton momentato charged lepton self-energies represented by
0 1
J\/\Jz[::/[Na
Y o ¢ .

the countertermszy,
where 6Z,=1%6Z\ +625), 6Zh\=%46Z,—6s2Z8), and a) b) o)
2y2(0)=(a/27r)(M\2N/chW)AMW is the term originating in

the bosonic loops of they-Z mixing. At small My the W !
graphs with unphysical Higgs boseh are negligible; how- N v %Z

| 23/2(0)
Fv.a(0)+ 5ZV,A:m M2 (20)
Z

ever, withMy>My,,Mz,M two types of graphs dominate
the left-hand side of Eq(20): the irreducible vertexform Tow I L !
facton F{A" [see Fig. 40)] and the self-energgits vector or 0 0
axial-vector pait 6Z{'s (Fig. 3b. Since the right-hand side

of Eq. (20) is not affected by the NHL's, it remains constant FIG. 4. Il vertex.
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FIG. 5. Neutrino self-energy diagrams for muon decay. ]
s FIG. 6. Counterterm diagram for neutrino self-energy in muon
L
Meei= — Mtree?v (24) decay.
. . 1 SM
where the factos comes from our dealing with the external Mc=— EMtreﬁ E
. ; =eun,m k=123
wave function rather than the neutrino propagator.
Let us now investigate the question of the renormalization X 8ZL (KD (KD (KD k(KD ej - (28)

of 3". In this case the counterterms are modified from their

SM form. The problem is how to renormalize a part of aAgain, the factor; comes from our dealing with the external
theory where interaction eigenstates are different from masgave function rather than with the internal propagator.
eigenstates. Curiously, this also happens in the SM quark(3} is the tree-level amplitude for muon decay in the SM.
sector[20]. The difference is that in the SM the problem is The mixing factors ((Dkﬂ and (K.)e; originate at the

circumvented by arguing that the off-diagonal quark mixingsluwvk andeWy, vertices, respectively. The amplitudelc
are too small to have any effect in the loops and the renorean pe further simplified:

malization procedure is effectively simplified to that of mass

eigenstates being also flavor eigenstates. In our model, we 1

cannot neglect the “off-diagonal” mixing&heir role is as- Mc=~— EM{?Q/% > SZy(KDy X
sumed byll i), since they(in combination with TeV NHL SemT k=123
masseglead to the dominant terms in the predicted deviation X (KL)IK(KDk,u(KL)ej

from SM results. This problem was studied in R€f520].
In Ref.[5] it was shown that, in general, the renormalization 1 am Lot
of the divergent amplitudes requires the renormalization of - EMtreq :eE,W OZ (KDt (81— tmind (KL g
the mixing matrix. In our model, the amplitudes can be
renormalized without the renormalization of the mixing ma- _ M arit T
trix, if the assumption of zero flavor-violating mixing param- - §Mtree52L(1_““mix)(KL)iu(KL)ei
eters is made. Our scheme is a straightforward extension of
the SM counterterm.
—_ _ _ M — .

We start with the counterterm Lagrangian, which has the == 92001~ pptmin) Miree- (29

same form as that of the SM,
L . L The factor K[)iﬂ(KL)ej was absorbed by My
i 0Z vebve+i6Z[ v, v, +16Z]v by, . (25 =M KD)iu(KDej-
Now, we can write down the final expressions for the

Weak eigenstates, are given in terms of mass eigenstatesrenormalized amplitudé . and the renormalized neutrino

v;,N, in Eq. (2). This gives us, for the productv,, self-energyit':

. . 5z}
Meei= Mseit Mc= — TMtree_ 5 (1= 11 mix) Mirees
(30)

V_|V|:k izzlst_i(KDn(KL)ka*” - (1N,Np ,NN),
(26)

and Eq.(25) thus contributes the massless neutrino counter- ~ ) |
term 21=2146Z (111 ). (31

o . The constanZ| was given in Eq(18).
) i;ﬂ 3{5ZL(KL)ie(KL)ek+ OZE(KL)i w(KL) uk To prove the cancellation of the infinities, we note that the
o infinite part of §Z| is given by[1,18]
+ P L
+0Z[(KDiAKL) ad vidvy. (27 )
a 1(1 1 M}

— i A

8 =—— i +—+
L 4w sy | 2 4ch 4AME,

In our case we sum over interna) but not over external wo (32
v;. The graphic representation of the relevant counterterm
(embedded in muon dechis in Fig. 6. where A ,=2/e— y+Ind7+Inu?. The infinite part of the

The amplitude for this diagram is neutrino self-energy issee Appendix A
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TABLE I. Contribution of the muon decay loops &, A,, andM,.
SM My=05TeV My=5TeV My=15TeV My = 30TeV
eenix=0.0071, pupumix=0.0014, 77,,=0.0
i”%i”# —4.995 —4.972 —4.982 — 4,988 —4.992 X 1072
/“\M —1.441 —1.442 —1.444 — 1.444 —1.445 X102
Moo Myee ~ 4.273 4.300 4.315 4.457 4950 %1073
Sy 6.670 6.539 6.525 6.652 7.133 x10°°
iw(O)/MSV 2.396 2.346 2.301 1.872 0.329 X102
Ar 3.063 3.000 2.954 2.537 1.043 x10°?
My [GeV] 80.459 80.537 80.545 80.612 80.846 X1
e€,x=0.0071, sumy=0.0014, 77;,=0.033
Oy 6.670 6.538 6.627 8.050 — X103
S.0)M2, 239 2.363 1.209 -13.322 — X102
Ar 3.063 3.017 1.871 —12.517 — X 1072
My [GeV] 80.459 80.534 80.718 82.549 — X1
yoo @ 1 Mﬁ, 1 D. Results
2= A gv 4M\2N” mi( 1= 11 mix)+§(1_ll mix) The loop corrections to muon decay modify the quantity
Ar in the implicit relation betweeM, andG, as[1]
+m”mix(l_”mix)‘{'4_\2/_v(1_||mix)2 AM- |\/|2 ) TO 1 1 (36)
B 1 o | 1T 588k 5 Mhmix |
W W 2 X 2
(33 V2G,(1-Ar)
ere 1— 3eeix— 34 Mmix IS the tree-level correction in our

From the formulas above it can be easily seen that '”f'n't'e%odel andAr can be written as

cancel out in Eq(31).
We now investigate the largel behavior of the renor-

malized neutrino self-energﬁf‘, this time using exact re-
sults. The two diagrams of Fig(& contribute to the self-
energy with an overall factor omﬁ. For largeMy, the
coefficients of these diagrams contain the functions

Bo(P;My zw,My)~1-2InMy,
B1(p;My zw,My)~—0.25+ InMy.

This implies quadratic nondecoupling fokE!'(p) and
3 {(p) such that

2

Re 3y(0)
Mg T

(37)

iW(O) is the renormalized self-energy of tihéboson which
we previously calculatefll]. The parameteéd, is the sum of
the boxes, irreducible vertices, and self-energies calculated

in the previous sections, along with the equivalent contribu-
tions to theWev vertex,
(39 M + M 1 1
gy et Moox 1 fe 150 150, (a9
v Mtree 2 2

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

1 N
E (p)+zx(p)_ vl ”mix(l_”mix)_Z (2% M2
™ 4Sw My 3§M+ 56# 5$M 64 SW MZ EenixtMhmixs (39)
! 54, 3 —1
x| Aut g~ M) (35 wheresy™ is the SM valug 18] and the rest comes from just

3N [see Fig. &)], which contributes te" via the coun-
terterm&ZL [see Egs(18) and(31)], is given in Appendix A
[Eq. (A8)]. From here, we can see thaince agaihE"’N not
only cancels infinities irs'(p) and=¥(p), but, in the large

two box diagramgFig. 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 &et M,=91.1884 GeV,

a 1=137.036, A=mal\2G,=37.281 GeV, My=200
GeV, m=176 GeV. The mixing parameters used are

My limit investigated, it also cancels the finite parts. As aeey,=0.0071 andu umix=0.0014 while forrr,;, we show
result, there is no quadratic nondecoupling in the renormalresults for both the minimal and the maximal value allowed,
ized neutrino self-energy and, as in the case of irreducibl® and 0.033, respectivelyr,,y is the least well-constrained
vertex corrections, it suffices to consider just the SM loops.mixing; however, there is no particular theoretical motiva-
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2.5 5 7.5 10 : 5 7.5 10
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839 L 83.9 E
E 83.8 |
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N 0 T S N N 83.7 F €em=0.0071 (b)
E | | , (b> | gzg F | | | |
83.6 ' 2.5 5 7.5 10
2.5 5 7.5 10 : :
M (Tev) M. (TPV\

o ] FIG. 8. Z leptonic width as a function ofMy for
FIG. 7. Z Iep_tonlc width as a function oMy fpr een,=0, ee,,=0.0071,m,=176 GeV, Higgs boson mass200 GeV, and
m,=176 GeV, Higgs boson mass200 GeV, and different values gitferent values of the mixing parametet,;: (@) Z— == mode,

of the mixing parametery: (8) Z— 77 mode,(b) Z—eemode. () z_.eemode. The dashed lines represent theliand about the
The dashed lines represent the band about the current experi- o\ rrent experimental valué) ['®P'=83.85-0.29 MeV, (b) [P

mental value(a) I'$P=83.85-0.29 MeV, (b) I'eP=83.92:0.17  _g83.92+0.17 MeV.
MeV.

tion to assume that it is actually larger than the other mix-are similar. We only show,, EW(O)/M\ZN! Ar, andMy

ings. Hence, we give results withr,, suppressed in order since the boxes, self-energies, and vertices change slowly
to illustrate the dependence oBeny and wumi- FOr  with 77, (they only depend implicitly omry, viasy), as
TTmix=0 in the first three rows of the table we show theillustrated by s, in row 8. The relative impact of non-SM
contributions of the self-energy, vertex, and box diagrams t
Sy (row 4) for NHL massesMy of up to 30 TeV. Also

shown(rows 5,6 are3y(0)/M%, andAr since, ultimately,
we are interested in NHL effects in the observaldlg (row
7). The SM values are given in the first column. The result
confirm expectations from the previous sections. There is n
nondecoupling for self-energies and vertices and there is
qguadratic dependence &y, in the largeM limit, for the
boxes. The boxes are becoming important at very hig
masses. Still, they are small compared to the change i

%oxes ©y) onAr compared to that OEW(O)/M2 decreases

with increasing 77,y - EW(O)/MW~TTmiXMN corrections
actually violate(for My>5 TeV) the perturbative unitarity
éaound discussed in Rdfl] .

To sum it up, the analysis of Refl] turns out to be
asically valid even after the restricti@®e, ;= wumix="0 IS
relaxed. The numerical predictions can be |mproved by the
anlusmn of the tree-level correction (13€€yix— 54 mix)»
Wh”e the largest loop corrections, the box diagrams of Fig.
~ le, are only marglnally important. Only in the case of the
ZW(O)/MGV This is due to the fact that the dominant boxesz decay intoete™ , with €Enix and TTimix NOW made compa-
enter with the coefficiene ey umix [see Eq.(13)], while  rable, does the character of tMy, dependence changsee
the correction to theW propagator is proportional to pelow).
Kpn = e+ upmli+ 772 [1], which is allowed to be The impact of these results is shown in Figs. 7 and 8. We
larger given the current bounds on the mixings. Tenass  give theZ leptonic widths as a function of NHL mass for the
jumps from Ma,'\"=80.459 GeV toM=80.537 GeV at two cases.ee, =0 andee,;,=0.0071, wunx IS negli-
My=0.5 TeV, mainly as a result of the tree-level correctiongible) in Figs. 7 and 8, respectively. These figures show the
factor (1— 3eenx— s mmi) [See Eq(36)]. After that it rises  widths for three values of7,;,: 0.033, 0.02, and 0.01.
very slowly until the My-dependent amplitudes become The remaining input data come from the standard set. The
dominant above 5 TeV. dashed lines represent ther lvariation about the current

The results forrr,,,=0.033 casgTable I, rows 8-11 experimental results for the individua leptonic widths,
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TABLE Il. Flavor-violating decays: experimental limits, theoretical predictions, and the constraints

implied.

Process Experiment& [6] TheoreticalB  Limits on masses and/or mixings

n—ey <49x10°* 90% C.L. 4101t @ |etmi <0.00024

T—ey <1.2x10"* 90% C.L. 71077 b —

T—py <4.2x10°° 90% C.L. 7x10°7 P —

u—eee <1.0x10""? 90% C.L. 1.0<1071 ¢ » o 1 TeV
M{=<0.93x 10 5°————

r—eee <1.4x10°5 90% C.L. 5x10°7 d €| Chmi

T euu <1.4x10° 90% C.L. 3x1077 d —

Z—eu <6.0x10°® 95% C.L. 3.%x10°8 ¢ —

Z—er <1.3x10° 95% C.L. 1.410°¢ ¢ —

Z—urt <1.9x10° 95% C.L. 2.x10°7 ¢ —

Yeum =0.00024, M>0.5 TeV; Ref.[9].

Pe g ix=0.043 1 st mix=0.008,77mix=0.1, My>0.5 TeV; Ref.[9].

°M2 X e €ix €emix] =0.93x 107 °X 1 TeV?; Ref.[11].

dee . =0.01uumy=0,7Tmy=0.033My=3 TeV; Ref.[14].
fee,ix=0.0071uumix=0.001477,,,=0.033My=5 TeV; this paper and Refl14].

[P'=83.85+0.29 MeV andl'&P'=83.92+0.17 MeV[21].  Where &, is given in Eq.(39). For My=4 TeV, and the
The one-loop SM prediction i ,.=T .= 84.03 MeV. current constraints on the mixing parameters, we find that the

We have discussed the main features of Figs) and  One-loop correction is only about 1% of the tree-level cor-
7(b) (FHNTTmeMZ , rising Te vs falling I, for 77y rection; therefore, the constraints of REE5] are indeed in-
dominatingee,,) previously[1]. Here, we point out that the dependent of the NHL mass.
main difference between Figs(af and 1b) and Figs. &)
and &b), namely, the total upward shift of the widths in the
latter, can indeed be traced to the tree-level correction to the IV. FLAVOR-CONSERVING VS FLAVOR-VIOLATING
n decay. Unfortunately, this tree-level correction interferes DECAYS
destructively with the one-loop corrections which drive,
widths down. Also note that asr,, andee,;, become com-
parable, so dd’,, andT' .., as expected.

Our best constraints at thes2evel on NHL mass come
from T',,, shown in Fig. 7a);! we getMy=<4.3 TeV for
TTmix=0.033, M\<7 TeV for 77,,=0.02, andMy=<13
TeV for r7,,,=0.01. These constraints can be neatly sum-
marized in the approximation

In this section, we review the constraints on the param-
eters in our model as derived from flavor-violating and
flavor-conserving decayg&he latter will be represented by
the leptonic decays of thé bosor). We compare the sensi-
tivity of these two classes of processes to the presence of
HL's.

Lepton flavor-violating decays have so far received a lot
more attentiori3,7—14 than the flavor-conserving processes
[1,22]. The calculation of the flavor-violating processes is

My=<4.3X TeV. (40 simpler, with a smaller number of contributing diagrams and
7 Tmix without the need to renormalize. Also, there could be a cer-
tain preconception that the experimental signature of the fla-
Here, this assumesry,;, dominatese &y . vor violation is more “dramatic.” It is our intention to show

We note that as the value ofry is more tightly con-  here that in many cases this expectation is not justified. We
strained, these limits are less restricted than those from pegive also the results of our calculation of flavor-violating

turbative unitarity consideratiorfd]: decays of theZ boson. A summary of experimental limits,
theoretical predictions, and the constraints on the mixings
My=<4X 0.033/r7 TeV. (41) and/or NHL masses implied by flavor-violating decays is
given in Table II. We will now address these decays one by

Finally, we note that our computation of the muon decayone' L o
In the case of the flavor-violating mixing parameters, the

loops also enables us to find the one-loop modification of Eq. ) .
(7) by NHLs: constraint on one of thenew,y, arises from the measured

limit of a rare decayu— ey. This decay was studied in the
M 5 . context of our model and of seesaw models with enhanced
T(r—evn)/TM7—evw) (&) _ 177y 14265 mixings (an example of a seesaw model with enhanced mix-
D(u—ern)[TMpu—evv) g,/ 1—pumx1+258#"  ings is the model of Refl23]) by several author§7—11].

(42) The u— ey branching ratio goes likfeumiy|? times a func-
tion which is independent o for My>500 GeV. The
current experimental limit on the.— ey branching ratio,

!Constraints fronT" ¢ shown in Fig. Tb) are just slightly worse at  Beyp=4.9X 10" 1116], yields a very stringent upper limit on
the 20 level. the mixing of |eu | <0.00024(see Table ).
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One might expect the other flavor-violating mixing pa- 5
rameterser iy and urmy, to be limited by the correspond-
ing flavor-violating 7 decays. However, experimental
limits on 7—ey and 7—uy, Bggps1.2X 1074,

Bexp=4.2¥ 10°%, respectively [6], are much weaker. -9
Moreover, the predicted rafy,=7x 10"’ [9] is now out of
date due to improved constraints on the mixirigse Table M
II). With the current limit ¢7,,,,=0.033), the predicted rate
would be smaller by at least one order of magnitude, imply- 10
ing that the theoretical result is two orders of magnitude (0>
below the experimental upper limit fary mode and about 10 10'00 ZO'OO 30'00 o 900
three orders foey mode. As a result, it is not these flavor- My (GeV)
violating processes which place the strongest limits on the 5
flavor-violating mixing parameters. Rather, forr,;, and
eTmix,» We have to use indirect limits obtained by combining
the global analysis results for the flavor-conserving mixing
parameters with the inequality, E(). -9

Several other flavor-violating processes at very low ener-
gies have been considered. Another well-constrained muon s
decay mode iu—e e e" (Beyy=1.0x10" 12 [6]), stud-
ied in Refs[7,8,10,11. The calculation shows the quadratic g
nondecoupling which we will encounter in the lepton flavor-

B, 1,")
)
e

TV T T Ty

(b)

violating decays of th& boson below. Referendd1] gives 10 I

L RUL AL L R L R Rl R

-15
| | |
1000 2000 3000 4000 5000

My (GeV)

(with an assumption discussed thepethe following con-

straint on NHL mass as a function e&,,;, ,eumix (See Table _ _ . _
I): FIG. 9. The branching ratidB—1; 15 as a function oM for (a)
1 Te\V? 6=-1, (b) 6=+1.
M2<0.93x 1075m. (43
| S#emix B(Iflzz)zl“,pz—ﬂl—,;/l‘z is shown as a function dfy in

Also considered in Ref$7,8,11] is uw—e conversion in nu- Figs. 9a) and 9b). The paramete® introduced in these
clei, u~ (A,Z)—e (A,Z). The resulting constraint on the figures corresponds to the allowed range of relative phases

productee,|eumix] [11] is similar to the one above. arising in the mixing factors. In Fig.(8), we seté=—1 and
For the flavor-violating decays of theinto three leptons in Fig. Yb), 6= +1.
(r— e e e", e u u*, etc) we know of no calculation As an example for comparison with experiment, using

studying the larg€TeV) NHL mass limit in the context of maximally allowed mixings f7,x=0.033) andé=+1, we
our model. However, within the seesaw model of R&8], predict the following branching ratio limits faviy=5 TeV:
Pilaftsis [14] predicts with the current limits on mixings 4 = g

(77mx=0.033) and for My=3 TeV rates Bin(Z—e"pu™)<3.3x1077,

By(7—e 7€) =5x1077, By(r—e u p')=3x107 Bz e ) <14x10°,
which are well below the current experimental limit
Bexp=1.4X107° [6] (see Table . Bn(Z—pu 77)<2.2x10°". (44)

Finally, hadronic decay modes of the lepton,
7—ln,I7° [9] are also disfavored by loose limits, e.g., These results are similar to those of REF4], where, as
Bexpl(T—>lL,L77To)$4.4>< 10 ° [6]. noted above, the calculation was done in the context of a

Consider now the case of the flavor-violating leptonic de-seesaw model with enhanced mixings. For experimental lim-
cays of theZ boson. These rare processes were studied in thigs see Table 1l. Our most promising prediction, for the
context of our model previoushB,12]; however, the limit of mode, is at least one order of magnitude below the experi-
large NHL mass was not fully investigated. This point wasmental limit. Hence, the flavor-violating leptonic decays of
noted in Ref. [13], where the branching ratios for theZ boson do not represent a good chance for finding evi-
Z—1713 (eTu*,u*7,e"7%) were derived in the seesaw dence of NHL's.
model of Ref[23]. We, therefore, here present the results in  We conclude that the flavor-violating processes give only
our model, having carefully treated the case of a large NHLone (mixing-dependentconstraint on NHL masscoming
mass but without showing the calculational details. The loofrom w—eee(or w—e conversion in nuclgj see Eq(43).
diagrams involved are very similar to those of the flavor-For eg,=0.0071 and |euny/=0.00024, this vyields
conserving leptonic decays of thi® boson which we dis- My<2.3 TeV. For the remaining flavor-violating processes
cussed fully in Ref[1] and the calculation of the flavor- to become sensitive to NHL mass, the experimental upper
violating process is very similar to that of R¢fL3] for the  limits would have to be pushed down by at least one order of
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 resultSThe extremely useful limit o, arising fromu— ey, is not
are not particularly promising. The branching ratio sensitive toM, for My>500 GeV.
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magnitude for flavor-violating leptonic decays of tdebo-  Appelquist-Carazzone theorefd7]. These competing ten-
son, and by one to two orders of magnitude for flavor-dencies are reflected by the typical behavior of the dominant
violating decays of ther lepton. This most likely requires terms,

increased high luminosity running at LEP | energy and a ~(TTmi) M. (45
factory [24].

On the other hand, the flavor-conserving processes lead tB° make up for the small mixings, only NHL’s with masses
limits on My summarized in Egq.(40), which for in the TeV range can lead to significant deviations from the
TTmix=0.033 giveMy<4.3 TeV. These limits depend on SM. In the case of one mixing:ry;, dominating, we found
different mixing parameters than the flavor-violating con-[see Ed.(40)] the following approximate dependence of
straint and thus probe a different part of the mixings vs NHLMn 0n 77 (20 level):
mass parameter space. A disadvantage of the flavor-violating M. <4.3% 0.033
decays is that they are always proportional to a flavor- N
violating parameter and this can lead, via the inequéky.

(5)], to their further suppression with respect to flavor-which arises from the considerationoieptonic decays. We
conserving processes. It is perfectly possible that there mightlso found some sensitivity of th&% mass to NHL mass and
be signatures of the flavor-conserving processes even if thefgixings, but these are quite dependent on the top quark mass

TeV, (46)

Tmix

is no sign of the flavor-violating ones. so we cannot summarize them in the same way.
These limits onMy are only matched by those from
V. CONCLUSIONS u—eee The flavor-violating decay rates far, which we

) ] ) reviewed in Sec. IV, and for the boson, derived in Sec. IV,

In this paper, we have generalized our previous analysigre below the current experimental sensitivity. Moreover, the
of a model containing NHL’s by relaxing the restriction on u—eeedecay depends only @, andeu,y, two of the
mixing parametere eyix= ummix=0. This involved evaluat-  six mixing parameters, and may be unobservablesf;,
ing pne-loop corrections to the muon decay Which feed i”toand/ore,umix are very small. The inequalitfEq. (5)] can
the input parametei,y. We found that two box diagrams fyrther suppress the flavor-violating processes against the
exhibit quadratic nondecoupling but that they are only mar+|ayor-conserving ones via the “conspiracy of the phases” in
ginally important numerically. Hence, the numerical resultsthe sum of complex terms making up the flavor-violating
of Ref.[1] remain basically valid, although they can be im- parameters.
proved by the inclusion of the tree-level correction to the For these reasons, the first Signatures of neutral heavy
muon decay, ( 38 Emix— 34 Lmix)- leptons could come from flavor-conserving observables. At

The masdy, if larger thanM 7, can presently mainly be  this time, LEP has stopped its runs at theeak energy and
probed in radiative correctionloops. A traditional ap- s running at 136- 140 GeV. It will eventually be producing
proach was mostly limited to hypothetical lepton flavor-yy pairs which will allow the massv,, to be measured

violati+ngi processes such asu—ey, u,7—€€'€,  with a precision of 0.044 GeV [25] (currently
Z—e p”, etc. [3,7-14. We reviewed constraints from \j, —80.410-0.180 [26]). Combined with more precise
these processes in Sec. IV. measurements of the top quark mass we might be in a posi-

NHL'’s could also inducéagain via radiative corrections tjon to place even more stringent limits on NHL masses and
deviations from the SM in currently observed processesmixings from our prediction oM.

such as those we have previously considered: the leptonic
widths of theZ bosonTI’},, lepton universality-breaking pa-
rameterU,,, and the mass of th&/ bosonM,. The effect

of the NHL masaM in such radiative corrections is, on the  This work was funded in part by the Natural Sciences and
one hand, suppressed by small mixings; on the other hand, lEngineering Research Council of Canada. The authors would
is enhanced due to nondecoupling, the violation of thdike to thank R. K. Carnegie for many useful conversations.
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APPENDIX A
The total contribution of the box diagrarfiBigs. Xa)—1(g)] is
Mpox= Mzewp T Mwizo+ Mwznt Mwnz + Mwnznt Mgnznt Mwnnnt Mwngn+ Mgnant Mgnynt Mzowy
+ Mznwe T Mwez T Mwezn

a -1

= Myeer— 1 =72 MAL4(— 3 +55)°To+ Zo(1— fttmi) (1= €Emin) + T3 (M 2) (1= s tmix) € Einix
A 4SWCW

1 1
+Z1(M2) e prmix( 1 — € €mix) + Zo(M 2) € Bt i ] + _43\2/\/ My s T3(Mz)+Z3(My) +Z3(M2)
w

2(-1/2+s5)
€ EmixM Mmixt 2 c2 MGl Zo(1—eemix) + Z1(Mz)eenix
W-W

1 1
- mfz(MH)—mfz(Mz)

+Zo(1—= ppemix) + Za(M2) e pemind 1 (A1)
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where the integralg,,Z;(m),Z,(m),Z;(m) are

(4m)? [ d*k 1 1 MZ,

] 2 - ME) (- M2 ME-MZ, M2 (A2)

0=

(4m)2 [ d*k 1 1 M2, M3 M2, M2 m?
nm="1- ¢

- +
i 20 (M) (M2 (k—m?) ~ m—mZ | "m? "Mz Mz M2 M?'”ME,
(A3)

(4m)% ( d% k?

i (2m)* (K2=MR2A(K*= M) (K2 —m?)

1 1 (M3/M3) In(M3/M2) 1 (m*M3) In(m?/M2)
1= (MZMZ) " (1— (MZME))2  1—(mM3)  (A—(mMZ)2 |

I(m)=

(Ad)

T m’—Mg,

(4m)? [ d*k 1
i (2m)* (k2= M3)2(k*—M3) (k2—m?)

MZIn(MZ/M32) 1 m2In(m?/M3) ]

I3(m)=

1 1
= —+ — —
mZ—MSV{Mﬁ—MSV (MR=M@?  M{-m*  (My—m?)?

(AS5)
The computation of the vertex diagraiffigs. 2a)—2(f)] yields

Mieres= Mz + Munzt Maw,+ Mow,+ Mwz,+ Mwznt Mgzt Mwnunt M gant Mg

a | 2s5—1 1
:Mtreeﬂ[ﬂ( AMZ_ E

2s%,—1 1 MZ M2
4822, (1= ppemix) + M, M ML mix

—— In—%
asgcl, 2 M2-MZM?

Nl

2
_SW 5 3
+ < (BAMW+2+ —Incé,

5 1
+3 AMW+ AMW+6+ 2 IncW (1= e tmix)

6

2
mU(MZ)MMmlx

5 1 2
2
Aw, T E+—TSWIncW+—h2—MZ_MWv(MZ)

+

[00] I\J+ N
s%\ - é“m\ - Ble

Mpmixt 57

2cW

A 43 M7 I|v|2 M3
S R Ve VA VA Vv

—M?2 1 M3

N
—MZU(M H) M Mmix T 8s ol MW MM mix

2

ZN

+ MM mix (AB)

M

M 3 M2 Mg
— J’_—

M 2 M- lean MZ— sz(Mz) ,

AMW+

where

— + In—2 (AY)

M2, M3 |M‘2’V M3 m?
ANV VERL VAR VERL VIR

v(m)=In

The part of the charged lepton self-energy which we specifically use in the text is
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2

o N 3
AM+——2|HMN .

¢N:+ 1 A8
T ez Imigz,| 40 2 (A8)

The left-handed part of the neutrino self-enef§yg. 5 is given by
3U=30(p)+ 2P + 2N (P + 2 (p) + 21 (p)

2

o
_Z(l_” mix)[ss\zlvll mlxM2

A +Bfm(P;MH yMN)+Bf1in(p;MH ,MN)}

1 M3 [1
+§2_W”m|xm2_

S\ +B““(p:Mz,MNHBT“(p;Mz.MN)}

1 1 ) )
+m”mix EA/.L_E+Bgn(p;MZaMN)—’_Bflm(p;MZvMN)}

1 1 .

t—=7 5\2/\/ (1 ”mlx){ A _—+Bfm(piMz,0)+Bgm(pﬂ\ﬂz,o)}
Lt
2s3(2

Here,s=p?=0<M3 ,M2,M3,,M?
The functionsB, andB; are defined asX=2/e— y—Inmx):

1
—mi+ie)[(q—p)>—mi+ie]

1 1
A —§+Bf'”(p My, m|H0)+Bf'”(p;MW,m|HO)H. (A9)

=A+B{"(p;my,my),

Bo(p;my,my) = fﬂ_ (2

BAN (p:my,mp) = — f dx In[p2+ M2 — (p2+ m2— md)x],

d. -
Bupim = [ (2 o Pl

1 )
Bi(p;my,my)=— §A+Bfl'”(p;m1,m2),

. 1
BI"(p;m;,m,) = fo dx In[p?x?+ mi— (p?+ mi—m3)x]Xx. (A10)

For s=p? small with respect tan?,m3,m?, we have

2 2
mi+ms5 m;
Bo(p;my,my)=1— I,nz_mzlnm——Inml—InszrO(s), Bo(p;0,m)=1-2Inm+O(s),
1 2 2
B L 1 [mirm;  mimp | my 15 B,(p;0 L im+o A1l
‘my,m,) == — n— ‘my,m,), :0m)=——+Inm S).
1(p;mg,my) 2m§—mi 2 mi_mg m% 2 o(pP;my,my) 1(p ) 2 (s). (ALl
APPENDIX B

Here, we prove Eq. 22\ 4+ A 4w+ 6ZN=0, using Eq.(21).
We note the verte¥' ), [Fig. 4(c)] is given as

_ N_ = N
Vin=iey, FyN—iey,ysFR?

dnq +|gz 1+’)/5 | +
_ M M
R j<2’f) Gy, N g MNJEMW( atiy
~ s i P
ie(—2g9+p;+ . B1
2 (q-p1—pa)’—MZ g7~ M2, (—=29+p1+p2), (B1)

If we now return from theyll vertex to theWu v vertex[Fig. 2(f)], we have
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—ig; 1+ys
V\(;VHN EJ 27T)n 2M > M (KEKH)ia ( H)aIMN

2 g—p,—My \/EMW
2 (g—p1—P2)*-M{ g

_ig
2(+2q P1—P2),- (B2)

A similar expression holds fOV¢XN The Lorentz structure of Eq&B1) and(B2) is the same. In the largd  limit, M and
My 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

\/592

Vinn="g¢ Vien:

ig*"__ g,
Mgunt Mg n=(A gun+ A g o) Miyee= U, (V¢HN+V¢XN)UM 7 Ve = (KDejvu(1=¥s)v,,
My “2\2
A gunt A g n=2FN=2F N, (B3)
Hence[using Eqs(B3) and(21)],
Agunt A gynt SZPN=2F N+ 670N+ 573N =2(F{N+ 62 =0. (B4

That is, the two dominant nonstandard contributions from(E@). cancel. To show that the inclusion of the mixing factors will
not affect Eq(B4), note that the mixing factor for thé&/u v vertex, which we denote ds, is related to that of thell vertex,
denoted a%,, in the approximation in which flavor-violating mixing factogg: i, T&mix,» €7mix are vanishing, as follows.

kl_E (K )a,u(K KH)la (KL)IQE (KH)ea(K )a,u Di,uEa: (KH)Ma(KL)aM+(KI)iT§a: (KH)ra(KL)a;L

= (KDiemmixt (KDt smit (KD msmi= (KD st = (KD ko - (B5)

The remaining factorKI)iM is absorbed intoM,,¢. as required.
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