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t-µ flavor violation as a probe of the scale of new physics
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Motivated by the recent strong experimental evidence of largenm-nt neutrino mixing, we explore current
bounds on the analogous mixing in the charged lepton sector. We present a general formalism for dimension-6

fermionic effective operators involvingt-m mixing with a typical Lorentz structure (m̄Gt)(q̄aGqb), and
discuss their relationship to the standard model gauge symmetry and the underlying flavor dynamics. We derive
the low-energy constraints on the new physics scale associated with each operator, mostly from current
experimental bounds on rare decay processes oft, hadrons or heavy quarks. For operators involving at least
one light quark (u,d,s), these constraints typically give a bound on the new physics scale of a few TeV or
higher. Those operators with two heavy quarks turn out to be more weakly constrained at the present, giving
bounds of a few hundred GeV. A few scalar and pseudoscalar operators are free from all current experimental
constraints.
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I. INTRODUCTION

The mystery of ‘‘flavor’’ poses a major challenge in pa
ticle physics. The unpredicted masses and mixings of th
families of leptons and quarks in the flavor sector comp
13 out of 19 free parameters in the whole standard mo
~SM!. Weak scale supersymmetry~SUSY! @1# as a leading
candidate for new physics beyond the SM provides no
ther understanding about the origin of flavor. In fact, it e
tends the mystery of flavor by necessarily adding three fa
lies of squarks and sleptons. Without additional assumpti
for flavor structure of the soft SUSY breaking, supersymm
ric theories often encounter phenomenolgical difficulti
known as the SUSY flavor problem@2#. In dynamical models
of electroweak symmetry breaking, the phenomenolog
constraints on flavor-changing neutral currents~FCNC! make
it hard for model building to accommodate the observ
heavy top quark mass, unless new dynamics associated
the top quark is introduced@3#. Predicting the full mass spec
trum and mixing pattern in the flavor sector may have
invoke new physics scales ranging from the weak scale u
very high scales in a single unified theory. Less ambitio
and more practical approaches follow a ‘‘bottom-up’’ pa
which effectively parametrize the new physics with flavor
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a way not explicitly invoking unknown dynamics at the hig
scales. For instance, certainAnsätze for fermion masses ma
trices were advocated@4#, and realizations of horizontal sym
metries were proposed@5,6# to explain the fermion mass hi
erarchies and Cabibbo-Kobayashi-Maskawa~CKM! mixings
@7# at relatively low scales. The FCNC fermionic Yukaw
couplings to the Higgs sector can also be constructed
phenomenologically viable way@8,9#. When the electroweak
symmetry breaking sector is nonlinearly realized@10–12#,
new FCNC gauge interactions of fermions can be econo
cally described by effective operators of dimension
@13,14#; while for the linearly realized Higgs sector, thes
couplings arise from dimension-6 effective operators@15#.

The recent exciting evidence for neutrino oscillatio
@16,17# strongly points to nonzero neutrino masses with la
~rather than small! mixings which further discriminate the
lepton sector from the quark sector and deepens the mys
of ‘‘flavor.’’ In fact, the atmospheric oscillation data@16#
favors maximal mixing between them andt neutrinos@18#
via the Maki-Nakagawa-Sakata~MNS! matrix @19,20#. This
development has led to a great amount of theoretical eff
with the hope of revealing the underlying new physics in t
leptonic flavor sector@21#.

In this paper we systematically explore the low ener
constraints on effective operators induced by larget-m mix-
ing. This is strongly motivated by the neutrino oscillatio
data, in particular, the favored maximal mixing between
second and third generations via the MNS matrix. Note t
the large or maximal mixings in the MNS matrix may com
from either neutrino mass diagonalization, lepton mass
agonalization, or from both of them. It is indeed tempting
©2002 The American Physical Society02-1
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search for charged lepton flavor violations, in addition to
existing neutrino oscillation experiments. There are t
classes of structures that can lead to flavor mixing
charged leptons. The first class is that there is no tree-l
flavor mixing for charged leptons after mass diagonalizati
This is an analogue to the SM quark sector, where the fla
mixing effects appear at tree level only in the charged curr
sector via the CKM mixing matrix. For instance, in a SM
like framework with additional mass and mixing paramet
in the neutrino sector,t-m mixing is generated at the one
loop level and is generally suppressed by a factor
mn

2/MW
2 , which would be negligible. The second class yie

tree-level mixing effects after the mass diagonalization fr
the flavor eigenbasis into the mass eigenbasis. Typical th
ries in this class include extended models with extraZ8 or
Higgs doublets, generic weak-scale SUSY models, and
namical models with compositeness, which often have r
structures of flavor mixing, leading to testable new pheno
ena. By contemplating on the large lepton mass hierar
dimensional analysis suggests the new physics scale as
ated with the mass and mixing of the third family leptons
be the lowest one in the lepton sector.

Before experiments can directly access the new phy
scale associated with the lepton flavor sector, we use an
fective theory formulation, obtained by integrating out t
heavy degrees of freedom from a more fundamental the
In Sec. II we present our general formalism for t
dimension-6 fermionic effective operators involvingt-m fla-
vor mixing with typical Lorentz structures

~m̄Gt!~ q̄aGqb!, ~1!

whereG contains possible Diracg matrices. This is beyond
the simplest flavor-diagonal form of the effective four-Fer
contact interactions@22#. With the operators in Eq.~1!, we
analyze their relationship to the realizations of the SM ga
symmetry and the underlying flavor dynamics. We furth
estimate the expected size of their coefficients, for a gi
cutoff scale at which the effective theory breaks down a
new physics sets in. We also comment on to what extent
formalism can be applicable to loop-induced processes
Sec. III we systematically explore the constraints on the n
physics scale associated with each operator, mostly from
rent experimental bounds on rare decays oft, hadrons or
heavy quarks. For the operators involving at least one li
quark (u,d,s), the current low energy constraints typical
push the new physics scale to a few TeV or higher. Th
operators with two heavy quarks are at the present subje
weaker constraints, only about a few hundred GeV. Som
the scalar and pseudo-scalar operators are free from an
perimental constraint so far. We summarize our results
Table I and conclude in Sec. IV. Appendix A analyzes t
relationship between our operators introduced in Sec. II
those with explicit SM gauge symmetry in both linear a
non-linear realizations. In Appendix B we further extend t
above Eq.~1! to include the forms with generic lepton bilin
ear l̄ aG l b, and derive the corresponding constraints fro
raret decays.
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II. FORMALISM FOR EFFECTIVE OPERATORS WITH
t-µ FLAVOR VIOLATION

A. Constructing the dimension-6t-µ operators

We consider an effective theory below the new phys
scaleL, which can be generally defined as

Leff5LSM1DL ~2!

whereLSM is the SM Lagrangian density andDL denotes the
new physics contribution via effective operators. For the c
rent study, we will focus on the dimension-6 operators
volving third and second family leptons (t,m),

DL5DL tm
(6)5 (

j ,a,b

C ab
j

L2
~m̄G jt!~ q̄aG jq

b!1H.c., ~3!

whereG jP(1,g5 ,gs ,gsg5) denotes relevant Dirac matrice
specifying scalar, pseudoscalar, vector, and axial vector, c
plings, respectively. We will not consider the possibility th
G has tensor structure due to the following reasons:~a! there
are no two-body decays involving the tau with tensor str
ture, and thus any bound would be extremely weak;~b! the
tensor matrix elements involving quark bilinears are eith
unknown or known very poorly, and thus bounds would
not only very weak, but also rather uncertain;~c! the tensor
structure does not generically appear in most models tha
know. Here, we considerG j to be the same for botht-m and
qa-qb bilinears, wherea andb run over all allowed combi-
nations of quark flavors. Under these considerations, we
show that Eq.~3! is the most general form~containing one
t-m bilinear and one quark bilinear! which respects the un
brokenU(1)em gauge symmetry. As shown in Appendix A
the operator Eq.~3! corresponds to a nonlinear realization
the electroweak gauge symmetry under which all fields f
only the unbrokenU(1)em. For the linearly realized elec
troweak gauge symmetry where the physical Higgs a
would-be Goldstone bosons form the usual Higgs doub
the dimension-6t-m operators have to respect the full ele
troweak gauge groupGSM5SU(2)L ^ U(1)Y and are thus
found to have a more restricted form,

DL linear5DL tm(6)
linear 5 (

a,b,x,z

j C ab
j xz

L2
~mx̄G jtx!~qz̄

aG jqz
b!1H.c.,

~4!

where the chirality indicesx,z5L,R. This restricts G
P(gs ,gsg5), so that Eq.~4! only belongs to a subset o
operators in Eq.~3! @23#. At first sight, this is somewha
surprising as the scalar and pseudoscalar operators in Eq~3!
are fully absent at dimension-6. However, it is interesting
note that such scalar and pseudoscalar structures reappe
the dimension-8 effective operators,
2-2
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DL tm(8)
linear 5

1

L4 (
a,b,a8,b8

j

C aba8b8
j (8)

~ L̄,
a8FG j,R

b8!~ L̄q
aF8G jqR

b!

1 C̃ aba8b8
j (8)

~ L̄,
a8FG j,R

b8!~qR̄
bF8†G jLq

a!1H.c.

⇒(
a,b

j v2Ĉ ab
j (8)

2L4
~m̄ G jt!~ q̄aG jq

b!1H.c.

~ for F5^F&!, ~5!

whereG jP(1,g5), L,(Lq) is the left-handed lepton~quark!
doublet, andF is the Higgs doublet with hypercharge1

2 and
the vacuum expectation value~VEV! ^F&5v/A2(0,1)T. We
also denote, in Eq.~5!, F85F for qR5dR and F8
5 i t2F* for qR5uR . Note that when the Higgs double
takes its VEV, the dimension-8 operators in Eq.~5! reduce to
the generic dimension-6 form in Eq.~4! but with coefficients
further suppressed by an extra factor ofv2/(2L2). Thus,
they can be neglected in comparison with the lead
dimension-6 operators Eq.~4!. This means that for the linea
realization of the SM gauge symmetry, only vector and ax
vector operators withG jP(gs ,gsg5) are relevant at the
dimension-6 level. For the phenomenological analysis
Sec. III, we will focus on analyzing the bounds for the mo
general form in Eq.~3! since Eq.~3! contains the restricted
form in Eq. ~4! as a special case.

Finally, we note that in principle, we could also includ
purely leptonic dimension-6 operators of the for
(m̄Gt)( ,̄aG,b), which contains an additional lepton bilinea
( ,̄aG,b) instead of quark bilinear (q̄aGqb). They may in-
volve similar flavor dynamics as the effective operators~3!,
but unlike ~3! they are relevant to only a few low energ
constraints. Most nontrivial bounds come from certain thr
body raret decays and all appear similar. We will summ
rize these separately in Appendix B.

B. Theoretical consideration for the size of coefficients

The precise value of the dimensionless coefficientC ab
j in

Eq. ~3! should be derived from the corresponding underly
theory in principle. In the current effective theory analys
we will invoke a power counting estimate. As shown in A
pendix A, the operator Eq.~3! is formulated under the non
linear realization of the SM gauge groupGSM, which pro-
vides a natural effective description of the strongly coup
electroweak symmetry breaking~EWSB! sector and/or com-
positeness. In this scenario the natural size ofC ab

j for an
effective dimension-6 four-Fermi operator such as Eq.~3!
can be typically estimated as@3#

C ab
j 54pO~1! ~default!, ~6!

which corresponds to an underlying theory with a stro
gauge coupling aS5gS

2/4p5O(1). Naive dimensional
analysis~NDA! @24,25# provides another way to estima
operators in the nonlinear realization. For the dimensio
operators in Eq.~3!, the NDA gives

C ab
j @NDA#&~4p!2O~1!, ~7!
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which corresponds to an underlying theory with a stro
gauge coupling@26# aS5gS

2/4p&O(4p). So, in general, for
the nonlinearly realized effective theory, we expectC ab

j

*4p, and to be conservative we will choose the estim
Eq. ~6! as the ‘‘default’’ value of our analysis. With Eq.~6!,
all the phenomenological bounds derived in the next sec
can be translated into bounds on the new physics scaleL.
The bounds with a different counting ofC ab

j , such as Eq.~7!
above and Eq.~8! below, can be directly obtained from ou
default results by simple rescaling.

In the weakly coupled theories, we have

C ab
j 5O~1! ~weakly coupled scenario!. ~8!

Since the new physics scale of a weakly coupled scenar
likely to be first determined by discovering the light ne
particles@such as light Higgs boson~s! and a few lower-lying
states of superpartners#, we may mainly motivate the curren
analysis by the strongly coupled theories where the estim
in Eq. ~6! or ~7! can sensibly apply. However, as will be cle
from Secs. III and IV , even for the weakly coupled theori
with Eq. ~8!, significant bounds on the new physics scaleL
can still be derived for the operators with the quark-biline
q̄aGqb containing not quarks, noc quarks and at most oneb
quark.

The linear realization is more appropriate when there i
Higgs boson with a mass well below the scale 4pv.3.1
TeV, such as in the typical models with supersymmetry@1# or
composite Higgs models with top-color@3,27#. Finally, we
note that the above estimates for the coefficient are fla
blind, i.e., we do not worry about the possible suppress
from flavor-violation effects. Below we will analyze how th
large leptonict-m flavor mixing is naturally realized in typi-
cal scenarios without further suppression.

C. Neutrino oscillations, large lepton mixings andt-µ flavor
violation operators

Neutrino oscillation experiments can measure the lep
charged current interactions involving~large! MNS mixings
~cf. left plot in Fig. 1! analogous to the quark charged curre
interactions involving~small! CKM mixings ~cf. right plot in
Fig. 1!. Thus we can generally write

L CC
, 52

g

A2
(

i 51,•••,N

a5e,m,t

, L̄
agrVa inL

i Wr
21H.c. ~9!

FIG. 1. The charged current interactions for lepton sector
volving MNS mixings ~left plot!, and for quark sector involving
CKM mixings ~right plot!.
2-3
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FIG. 2. Illustration of typical generations of the effective four-Fermi interactions@cf. Eq.~3!# in plot ~c! from the exchange of~a! a heavy
new gauge bosonZm8 , or ~b! a heavy new scalar or pseudoscalarS0 in the underlying theories. Here thet8-m8 flavor-violation couplings
solely come from the charged lepton mass-diagonalization matricesUL

, and/orUR
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whereV is the 33N unitary MNS mixing matrix containing
a product of two left-handed rotation matrices,

Va i5 (
b51

3

ULba
,* ULb i

n , ~10!

where UL
, (333) is from the lepton mass diagonalizatio

UL
,†M ,UR

, 5M ,
diag and UL

n (N3N) @28# is from diagonaliz-
ing the neutrino mass matrix~of Majorana or Dirac type!
@29#. Hence, the large or maximal mixings in the MNS m
trix V can originate from~i! eitherUL

n ~neutrino mass diago
nalization!, ~ii ! or UL

, ~left-handed lepton mass diagonaliz
tion!, ~iii ! or both sources. In the cases~ii ! and ~iii !, we see
that large mixings inUL

, play important roles for neutrino
oscillation phenomena. Furthermore, the right-handed lep
rotationUR

, doesnot enter the MNS matrix and is thus fre
from the constraint of oscillation experiments. This mea
that even in the case~i! large lepton mixings can originat
from UR

, thoughUL
, is constrained to have only small mix

ings. Clearly, the neutrino oscillation data alone could
identify theorigin of the MNS mixings~involving only the
product of two left-handed rotations!, i.e., whether the large
or maximal mixings in MNS matrix really originate from th
neutrino mass matrix or charged lepton mass matrix or b
@30#. Therefore, to fully understand the flavor dynamics
the lepton and neutrino sector, it is important to directly t
lepton rotation matricesUL

, and UR
, in other lepton flavor-

violation processes. The large or maximal MNS mixings o
served in the neutrino oscillation experiments strongly m
vate searches for large lepton flavor-violating interactio
originating fromUL

, andUR
, .

The effective dimension-sixt-m operator Eq.~3! can
arise from the exchange of certain heavy particles, such
heavier neutral gauge boson (Z8) or a heavier Higgs scala
(S0). The underlying dynamics for such interactions fall in
two distinct classes:~a! flavor universalor ~b! flavor non-
universal. For class~a! we can write a generic lepton-bilinea
term c̄G jc, wherec5(e,m,t)T. We thus deduce

c̄G jc5H (
x(Þz)

cx̄G jcz ~G j51,g5!,

(
x

cx̄G jcx ~G j5gs ,gsg5!,

~11!
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where x,z5L,R. The lepton mass diagonalizatio
UL

,†MlUR
, 5Ml

diag enables us to transform leptons from th
flavor eigenbasis (c) into the mass eigenbasis (c8) via cL

5UL
,cL8 andcR5UR

, cR8 . Thus, Eq.~11! can be rewritten as
in the mass eigenbasis,

c̄G jc55
(

x(Þz)
cx8G j~Ux

,†Uz
,!cz8

⇒O~1!t8G jm81O~1!m8G jt8 ~G j51,g5!,

(
x

cx8G jcx8 ~G j5gs ,gsg5!.

~12!

Here, forG j51,g5, the unsuppressedt8-m8 mixing bilinears
can be induced by the largeO(1) ‘‘23’’ or ‘‘32’’ entries in
the lepton rotation matricesUL

,†UR
, andUR

,†UL
, . We see that

such large flavor-mixings betweent8 andm8 occur only for
G51,g5, implying that for class~a! the t-m operators arise
from exchanging a heavy scalar~pseudoscalar! in the under-
lying theory @cf. Figs. 2~b! and 2~c!#. For scalar~pseudo-
scalar! type couplings to be flavor universal, there should
certain flavor symmetry associated with these couplings
the underlying theory. The quark bilinearQ̄G jQ can join the
same type of flavor universal interactions, whereQ5U, D
with U5(u,c,t)T andD5(d,s,b)T. But, without fine tuning
the flavor violations in the quark bilinear would be relative
small based on the experimental knowledge about the C
matrix, except that some right-handed mixings may be qu
sizable.

We then proceed to consider class~b! with flavor non-
universal dynamics which is strongly motivated by the o
served large mass hierarchies for leptons and quarks.
instance, the induced lepton bilinear may contain only
third family tau leptons as happened in the dynamical sy
metry breaking models@3,31,32# and lepton non-universality
models @33–35#. Generically, we can write down a tau
lepton bilinear in the flavor eigenbasis,tx̄G jtz , where x
5z corresponds to gauge bosonZ8 exchange andxÞz cor-
responds to scalarS0 exchange. TheZ8 exchange from the
strongly interacting theories such as top-color models@31#
is particularly interesting for studying the effectiv
dimension-6 operators~3! as theZ8 induces strong couplings
for Eq. ~3! which naturally fit the counting in Eq.~6!. Be-
2-4
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cause of the flavor non-unversality of such underlying d
namics, the generic tau-lepton bilinear takes the follow
form after the lepton mass diagonalization:

txG jtz5,x8
aG j~Ux

,* !3a~Uz
,!3b,z8

b

⇒O~1!t8G jm81O~1!m8G jt8, ~13!

wherexÞz for G j51,g5 and x5z for G j5gs ,gsg5. We
see that, due to the allowed large entry (UL

,)32 or (UR
, )32, the

unsuppressed flavor-violatingt-m bilinear can be generate
for G j being either ~axial-!vector or ~pseudo-!scalar @cf.
Figs. 2~a–c!#, unlike the situation in Eq.~12!. In most cases
such flavor non-universal dynamics generically invokes
third family quark bilinearst x̄G j tz and bx̄G jbz at the same
time, and some sizable right-handed mixings such astR-cR
mixing ~or bR-sR mixing! can naturally arise@36#. To be
model independent, we will include all possible flavor co
binations in the quark bilinearq̄aG jq

b @cf. Eq. ~3!# for our
phenomenological analysis in Sec. III.

In summary, afull understanding of leptonic flavor dy
namics~for both masses and mixings! requires experimenta
exploration not only via neutrino oscillations but also v
other lepton-flavor-violating processes. The above classifi
tion shows that, given the large lepton mixings~especially
for the tau and muon leptons! as motivated by the atmo
spheric neutrino oscillation data, the effective dimension-
flavor-violating t-m operators~3! can be naturally realized
without additional suppression~in contrast to the quark sec
tor!. Furthermore, particular chirality structures~character-
ized by G j ) can be singled out, depending on whether
underlying leptonic dynamics is universal or non-universa
the flavor space. The systematic phenomenology constra
analyzed in Sec. III will demonstrate how the various lo
energy precision data on lepton flavor violations can pro
the new physics scale associated with the underlying fla
dynamics,complementaryto the neutrino oscillation experi
ments.

D. Radiative corrections versus leading logarithmic term

In our analysis we will consider two classes of boun
from contributions at either the tree level or the loop lev
Many of these bounds arise from the tree-level operators~3!
directly and will be derived from various low energy dec
channels. In some cases, the significant bounds can on
obtained by relating the operators involving one set of he
quarks to those involving lighter quarks, through the e
change of aW or charged Goldstone boson at the loop le
~cf. Fig. 3 in Sec. III!. How does one handle radiative loo
effects in an effective theory? For such calculations, ty
cally, some loop integrals are divergent and must be cut
at a scaleL. In the case ofW or the Goldstone boson ex
change, the divergence is logarithmic. We perform the lo
integral by retaining the leading logarithmic terms in whi
the ultraviolet ~UV! cutoff L would reliably represent the
scale of new physics@37#. In doing the analysis, we assum
only one (m̄G jt)(q̄aG jq

b) operator to be non-zero@38#.
Other diagrams involving closed fermion loops may ha
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quadratic divergences. Unlike the logarithmic terms, su
O(L2) power corrections are not guaranteed to always r
resent the real contributions of the lowest heavy phys
state of a massMphys, so that to be conservative it is usual
suggested@37# that one only uses the logarithmic terms
(; ln L) computed in the effective theory, for representi
the new physics contribution (; ln Mphys) from an underly-
ing full theory. We will take this approach for the loop anal
sis in Sec. III, though we keep in mind that retaining on
leading logarithms may possibly underestimate the n
physics loop contributions if theO(Mphys

2 ) terms are not van-
ishing in a given underlying theory. This exception occu
only when the heavy mass effect in the underlying the
does not obey the usual decoupling theorem@39,40#. Thus,
extracting the possible nonzeroO(Mphys

2 ) terms is a highly
model-dependent issue and is hard to generally handle i
effective theory formalism. The traditional ‘‘leading loga
rithm’’ approach provides a conservative estimate for the
fective theory analysis and is justified for those underlyi
theories in which the effects of the heavy states~integrated
out from the low energy spectrum! exhibit the decoupling
behavior.

III. PHENOMENOLOGICAL CONSTRAINTS

We consider the generalt-m operators in Eq.~3! and take
G j to be the same for both the lepton and quark pieces. Th
are four types of operators to be considered,G j
5(S,P,V,A), and for each type there are 12 combinations
qaqb , (uu,dd,ss,cc,bb,tt,ds,db,sb,uc,ut,ct). This gives
a total of 48 operators for our analysis. We first consid
operators involving two light quarks (uu,dd,ss,ds), then
the non-diagonal operators involving one or more hea
quarks (db,sb,uc,ut,ct), and finally the diagonal operator
involving two heavy quarks (cc,bb,tt). In our analysis, we
will consider one operator to be nonzero at a time and de
the corresponding bound on the new physics scaleL. This
should provide a sensible estimate of the scaleL under the
naturalness assumptionmentioned in Sec. II, which state
that there is no accidental cancellation among the contr
tions of different operators.

A. Operators with two light quarks

For operators with two light quarks, the neutrinoless d
cay of thet into a m and one or more light mesons wi
provide the best bound. First, we establish our conventio
The PCAC~partial conservation of axial vector current! con-
dition for the pseudoscalar octet gives

^0u j m
(5)b~0!ufa~p!&5 idab

Ff

A2
pm , ~14!

where Ff is the meson decay constant and the Cartes
components of the axial vector current are

j m(5)b5q̄gmg5
lb

2
q. ~15!
2-5
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Here f5fala/A2 with a51•••8 is the 333 matrix of
pseudoscalar meson fields andla are the Gell-Mann matri-
ces normalized according to Tr(lalb)52dab. For current
quark masses, we choose

mu5md55 MeV and ms5120 MeV, ~16!

and the results are not particularly sensitive to these choi
For simplicity, the muon mass~and the pion mass, whe
applicable! will be neglected relative to the tau mass wh
calculating kinematics.

Knowing the vacuum transition matrix element, we c
readily evaluate the particle decay width. For instance, fo
two-body decayt→mM whereM is a generic light meson
we have the spin-summed and averaged partial width

G~t→mM !5
1

2mt

1

~8p!(
—

uMu2, ~17!

where the transition amplitudeiM5^mM u iHut& can be
evaluated by vacuum insertion.

1. Axial vector operators

Bounds on theuu anddd axial operators can be obtaine
by looking att→mp0. Using

^0uūgmg5uup0~p!&5 K 0Uq̄gmg5S 1

2
1

l3

2 DqUf3~p!L
5 i

Fp

A2
pm ~18!

with Fp5131 MeV, and noting that foru→d the right-hand
side is the same except with an opposite sign, we find

G~t→mp0!5
1

L4

p

2
Fp

2 mt
2 , 0.908310217 GeV, ~19!

where the inequality comes from the 90% confidence le
~C.L.! experimental bound on this decay mode listed in R
@41#. This then implies that, for both theūgmg5u and
d̄gmg5d operators,

L.11.3 TeV. ~20!

For the ss axial operator, a bound is obtained fromt
→mh. We have

^0us̄gmg5suh~p!&5 i
22

A3

Fh

A2
pm, ~21!

where Fh5Fh
82(1/A2)Fh

0 is defined using

^0uq̄gmg5(l8,0/2)quh(p)&5 i (Fh
8,0/A2)pm . Here, l05A2

3 1
and at the next-to-leading order~NLO! of the chiral pertur-
bation theory@42#, Fh

85154 MeV andFh
0525 MeV. Using

these values we find thatFh'Fp , the value from theSU(3)
limit. This gives
05300
s.

a

l
f.

G~t→mh!5
2p

3

~mt
22mh

2 !2

mt

Fh
2

L4
, 2.179310217 GeV,

~22!

implying

L.9.5 TeV. ~23!

Note that, for the isospin-invariant effective operat
(4p/L2)(m̄At)(ūAu1d̄Ad) with A5gmg5, the same
bound ofL.9.5 TeV can be derived from the above pr
cess.

For the sd operator, the bound comes fromt→mK0.
Thus, we have

^0us̄gmg5duK0&5 iF Kpm, ~24!

where experimentallyFK5160 MeV. This leads to

G~t→mK0!5p
~mt

22mK
2 !2

mt

FK
2

L4
, 2.27310215 GeV,

~25!

and thus,

L.3.6 TeV. ~26!

2. Pseudoscalar operators

Here, the Dirac equation is used to reduce the axial ve
matrix elements to pseudoscalar matrix elements, and
we use the same processes as above. We find that

^0uūg5uup0~p!&52^0ud̄g5dup0~p!&

5
i

A2

mp
2

mu1md
Fp , ~27!

which then yields

G~t→mp0!5
p

8

Fp
2 mp

4 mt

L4mq
2

, 0.908310217 GeV,

~28!

so that

L.11.7 TeV. ~29!

For the strange quark operator, we find

^0us̄g5suh8~p!&52 iA6Fh
8

mh8

2

mu1md14ms
~30!

which gives~taking h5h8)

G~t→mh!5
6p

L4

mh
4Fh

82

~mu1md14ms!
2

~mt
22mh

2 !2

mt
3

,2.18310217 GeV, ~31!

implying
2-6
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L.9.9 TeV. ~32!

For the isospin-invariant effective operat
(4p/L2)(m̄Pt)(ūPu1d̄Pd) with P5g5, the same bound
of L.9.9 TeV can be derived from the above process.

Finally, we have

^0us̄g5duK0&5 i
mK0

2

md1ms
FK , ~33!

which gives

G~t→mK0!5
p

L4

mK
4 FK

2

~md1ms!
2

~mt
22mK

2 !2

mt
3

,2.27310215 GeV. ~34!

Thus, we deduce

L.3.7 TeV. ~35!

3. Vector operators

We take a simpleSU(3) relation

K 0Uq̄gm
la

2
qUVbL 5 i emdab

c

A2
, ~36!

whereVm5Vm
a (la/A2) is the vector meson octet. Using ve

tor meson dominance@43#, we determine the dimensionles
ratio g[m2/c from V→e1e2 for each vectorV5r,v,f,
which yieldsgr55.1, gv517 andgf512.9. These phenom
enological values indicate someSU(3) breaking, as ex-
pected. Assuming ideal mixing, we get

^0uūgmuur0&52^0ud̄gmdur0&5 i emKr ,

^0us̄gmsuf&5 i emKf , ~37!

^0us̄gmduK0* &5 i emKK* ,

where

Kr5
mr

2

gr
, Kf5

3mf
2

gf
, ~38!

and in theSU(3) limit, one hasKK* 5Kr . Then, we find

G~t→mV!5
pKV

2

L4

mt

mV
2 Fmt

2S 12
mV

2

mt
2D 2

3S 112
mV

2

mt
2D 23

mmmV
2

mt
3 G , ~39!

which gives bounds as follows:

G~t→mr!,1.43310217 GeV⇒L.12.4 TeV ~uu,dd!,
05300
G~t→mf!,1.59310217 GeV⇒L.14.3 TeV ~ss!,
~40!

G~t→mK* !,1.7310217 GeV⇒L.12.8 TeV ~ds!.

4. Scalar operators

Scalar operators will lead to three-body decays of thet
into a m and two mesons. Using the leading order chi
Lagrangian, we obtain the matrix elements of scalar dens
at the origin

^0us̄suK1K2&5^0uūuuK1K2&5B0 ,

^0uūuupp&5^0ud̄dupp&5B0 ,
~41!

3^0uūuuh8h8&5
3

4
^0us̄suh8h8&5B0 ,

^0ud̄sup1K2&5B0 ,

where mp
2 52m̂B0 and mK1

2
5(mu1ms)B0 with m̂5mu

1md . We take mu5md55 MeV, which gives B0
51.96 GeV andms5120 MeV. Thus, the differential deca
widths are computed as

dG~t→mp0p0!5
1

2
dG~t→mp1p2!

5
B0

2

64p3Luu,dd
4 ~E11mm!dE1dE2 ,

dG~t→mhh!5S B0

3 D 2 1

64p3Luu,dd
4 ~E11mm!dE1dE2 ,

5S 4B0

3 D 2 1

64p3Lss
4 ~E11mm!dE1dE2 ,

~42!

dG~t→mK1K2!5B0
2 1

32p3Ldd,ss
4 ~E11mm!dE1dE2 ,

dG~t→mK1p2!5B0
2 1

32p3Lds
4 ~E11mm!dE1dE2 .

The best bounds on theūu and d̄d operators come from

G~t→mp1p2!,0.186310216 GeV⇒Luu,dd.2.6 TeV,
~43!

the bound on thes̄s operator from

G~t→mK1K2!,0.341310216 GeV⇒Luu,ss.1.5 TeV,
~44!

and the bound on thes̄d or d̄s operator from
2-7
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G~t→mK1p2!,0.168310216 GeV⇒Lds.2.3 TeV.
~45!

In summary of this section we see that the bounds
operators involving two light quarks range from 1.5
14.5 TeV. Improvement in the experimental limits on t
branching ratios, of course, will increase these bounds
the fourth root of the branching ratio. Much better improv
ment can be obtained from processes involving decay
heavy quarks, which we consider below.

B. Non-diagonal operators involving one or more heavy quark

Now, we analyze the operators involvin
(uc,ut,ct,db,sb) quarks. The bounds involving an up qua
and a charm quark are problematic since theD0 cannot
~barely! decay intomt because of kinematics. The bounds
these operators will be discussed at the end of this sec
We first turn to theB meson decays.

1. B meson decays

Using the techniques described in Sec. III A one c
bound the pseudoscalar and axial vector operators forb̄d
quarks by looking atB0→mt. For the axial vector operato
we find that, using the experimental limit of 8.331024 on
the branching ratio

G~B→mt!5
p f B

2mBmt
2

L4 S 12
mt

2

mB
2 D 2

⇒L.8.2 TeV,

~46!

where we takef B5200 MeV. For the pseudoscalar operat
we find

G~B→mt!5
8mB

2bB
3

ApL4 S 12
mt

2

mB
2 D 2

⇒L.9.3 TeV. ~47!

In this latter case, we have used the result from Sher
Yuan @44#, z^0ud̄g5buB& z254mBbB

3/p3/2, where bB

'300 MeV is a variational parameter.
In a moment, we will consider the scalar and vector o

erators, but let us first look at the pseudoscalar and a
vector cases forb̄s quarks. Here, precisely the same analy
as forB→mt can be done forBs→mt, with the same resul
for the width, in the approximation where the masses of
constituents andd quarks are equal. Alas, there are no pu
lished experimental bounds forBs→mt. Note that the life-
time of theBs is given by 1.4660.06 ps, compared with th
B lifetime of 1.5460.02 ps. These are consistent, as e
pected. But, if the rate forBs→mt were too large, then the
lifetime would be substantially shorter. A 10% branching
tio would shorten the lifetime by about 0.14 ps, which wou
lead to a significant discrepancy. Without a detailed analy
one can just conclude that there is a bound of 5% to 10%
the branching ratio forBs→mt; we will give bounds assum
ing it is 10%.
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With a 10% bound, the above results scale as the fou
root of the branching ratio, giving a bound on the axial ve
tor operator ofL.2.5 TeV and on the pseudoscalar opera
of L.2.8 TeV.

Note that here is a place where an experimental bound
Bs→mt would be very useful. This decay is particular
important becauseall of the quarks involved are second an
third generation, and new physics effects might be subs
tial ~especially if related to symmetry breaking!; this decay
also conserves ‘‘generation’’ number, and is thus particula
interesting.

We now turn to the scalar and vector operators. Here
matrix elementŝ Kus̄gmbuB& and ^pud̄gmbuB& are needed,
along with their scalar counterparts. The vector matrix e
ments have been calculated in a quark model by Isgur, Sc
Grinstein and Wise@45#. They note that for a light pseudo
scalar mesonX,

^X~pX!uq̄gmbuB̄~pB!&[ f 1~q2!~pB1pX!m

1 f 2~q2!~pB2pX!m, ~48!

and present expressions~in their Appendix B! for f 1 and f 2 .
Hereq25(pB2pX)2 andB andX are on shell withX;q̄d.
The masses in these expressions are constituent q
masses, which we take to bemq5300 MeV, and we also
take their variational parameters,b, to be 300 MeV. For
instance, these values give

f 1~q2!'2 f 2~q2!'
3A2

8
Amb

mq
expFmX2EX

2k2mX
G , ~49!

wherek'0.7 is a relativistic compensation and wheremX
'2mq . As a result of these approximations, the matrix e
ments should be takencum grano salis, with an error that
could be a factor of 224 ~which translates into a factor o
1.221.4 uncertainty in the final results forL). The uncer-
tainty might be somewhat larger for the matrix elements
volving the pion, since the relativistic compensation facto
are suspect.

The result for the vector couplings is given~illustrating
the B→Kmt case! by

dG

dEmdEt
5

uM 2u

32p3mB

, ~50!

where

uM 2u5
18p2mB

L4md

~A1A22A3!expF2
mB2Et2Em2mK

md
G ,

~51!

with A15mB
22mK

2 2mt
222mBEm ,A25mB

22mK
2 1mt

2

22mBEt , andA35mK
2 @2mB

22mt
21mK

2 12(Em1Et)#.
What are the experimental bounds forB→Kmt and B

→pmt? None are listed. If thet decays semi-hadronically
~which occurs 65% of the time! thenB→Kmt will look like
B→Xcmn @46#. Then measurements ofB→Xcmn would
2-8
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give a higher rate than forB→Xcen. These have been mea
sured separately, with accuracies better than 0.5%, and
an excess ofm-like events has not been seen with a sensi
ity of 1.5% at 90% confidence level. If one assumes that
probability of classifyingB→Kmt decays asB→Xcmn is
smaller by a factor of two, then, folding in the 65% branc
ing fraction into hadrons, one would get a limit of 1.5
divided by 0.5 for acceptance and 0.65 for the branch
fraction, which is about 5%. A very similar argument wou
apply toB→pmt. Obviously, a more detailed analysis cou
yield a substantially better bound. However, our result o
scales as the fourth root of the branching ratio bound a
with the relatively large uncertainty in the matrix elemen
one probably cannot do much better. With a 5% branch
ratio, we find that the bound on the (bs) vector operator is
2.6 TeV, and the bound on the (bd) vector operator is 2.2
TeV.

For the scalar operator, one must differentiate the ve
matrix elements in Eq.~48!, taking care to properly include
the exp@2i(pB2pK)•x# factors. We find that, for instance,

^K~pK!us̄buB̄~pB!&'
1

mb
@ f 1~q2!~mB

22mK
2 !

1 f 2~q2!~mB
21mK

2 22mBEK!#,

~52!

where f 6(q2) are given in Eq.~49!. Using this matrix ele-
ment, we find the bound on the (bs) scalar operator is 2.6
TeV, and similarly that for the (bd) scalar operator is 2.2
TeV. One should keep in mind the relatively large uncerta
ties in these bounds due to the hadronic uncertainties
cussed above.

2. Top quark decays

Because of the very short lifetime of a top quark, bou
state top mesons do not exist. Bounds on operators invol
a top quark can be readily obtained by looking for decayt
→cmt and t→umt. Neglecting the final state masses, o
finds that the width is

G55
mt

5

96pL4 for scalar and pseudo scalar couplings,

mt
5

24pL4
for vector and axial vector couplings.

~53!

The Collider Detector Facility at Fermilab~CDF! @47# mea-
sures the ratio

R5
Br~ t→Wb!

Br~ t→Wq!
~54!

by countingb-tagged top events and all top toWq events.
The result isR51.2320.31

10.37, which translates intoR.0.72 at
90% C.L. For thet→umt channel, one considers this to b
similar toWq, in that the signature is an isolated muon w
some jet activity~clearly, a detailed analysis by CDF or D
05300
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could distinguish betweenWq and umt), and thus one ap-
proximately has Br(t→umt),120.7250.28 at one stan-
dard deviation. This leads to a constraint

L.H 190 GeV for scalar and pseudoscalar couplings

270 GeV for vector and axial vector couplings.
~55!

It should be kept in mind that the above bounds onL are
so close to the top quark mass that the use of the effec
field theory is not reliable. As discussed in Sec. II B, f
models obeying the naive dimensional analysis~NDA!, the
corresponding bounds become stronger than the above
about a factor ofA4p.3.5, and thus in this case the app
cation of effective theory formalism will be more reasonab
One could improve on the above bounds significantly fro
non-observation oft→ jet1mt decay, but this has yet to b
done.~We also recall that our final limits onL only vary as
the fourth root of the branching ratio.!

3. Loop contributions

Operators involving heavy quarks are harder to constr
with meson decays. However, one-loop contributions viaW6

exchange may mediate the transition from a heavy quark
lighter one. This leads to processes with external light qua
and thus results in possibly significant constraints from lig
mesons. For the vector and axial vector couplings, str
bounds can be obtained by considering the loop contri
tions with W6 exchange. Such contributions will also giv
good bounds on the (cu),(cc),(tt) operators, as will be dis-
cussed below.

Consider the loops in Figs. 3~a! and 3~b!, where p2

is the charged Goldstone boson. These loops will rel
for instance, a heavy-quark operator of the for
C j 1 j 2

k /L2(m̄Gkt)(Ū j 1
GkU j 2

) to a light-quark operator of the

form C i 1i 2
, /L2(m̄G,t)(d̄i 1

G,di 2
). Since we have very strong

bounds on operators with lightdi quarks, this gives a metho
of deriving bounds on heavyU j quarks, and in many case
will provide the only bounds.

We consider the diagrams of Figs. 3~a! and 3~b!, and de-
rive the quark bilinear,

dC k
i j ~ q̄iGkqj !, ~56!

wheredC k
i j is the loop-induced form factor computed fro

the diagrams. It is easy to show that there will be no con
bution to the scalar and pseudoscalar operators from
loop, and thus only vector and axial-vector operators are
evant.

For Gk5gm, labelling the two external quarks with indi
ces (i 1 ,i 2) and the two internal quarks with indices (j 1 , j 2),
we find that the vector and axial-vector couplings are gen
ated with corresponding induced form factors,

dC V
i 1 ,i 252dC A

i 1 ,i 25
g2uVi 1 , j 1

Vi 2 , j 2
* u

32p2 S 12
M j 1

2 M j 2

2

2MW
2 D ln

L

MW
,

~57!
2-9
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whereVi j is the relevant CKM matrix element. We note th
if a mass-independent renormalization procedure is used~cf.
the footnote in Ref.@38#!, we would extract the leading loga
rithmic term as ln(L/m0) with m0 set as the energy scale o
the relevant low energy process~e.g.,m05mb for b decays!.
But, for deriving the final bound onL, this does not make
much difference as it only goes likeAln(L/mb) @cf. Eq. ~59!
below#. Such a difference would not be a main concern
leading logarithmic estimates since in the leading logarit
approximation, all unknown non-logarithmic terms a
dropped by assuming the absence of accidental cancellat

For Gk5gmg5, we find the analogue of the above equ
tion,

dCV
i 1 ,i 252dCA

i 1 ,i 252
g2uVi 1 , j 1

Vi 2 , j 2
* u

32p2 S 11
M j 1

2 M j 2

2

2MW
2 D

3 ln
L

MW
. ~58!

We will ignore small masses of light quarks and the ove
signs are also irrelevant. So, the above leading logarith
contribution is universal except when the internal loop fie
are both top quarks. It is useful that a single vector~or axial-
vector! coupling induces both vector and axial-vector ver
ces. This allows us to use either the vector- or axial-vec
type of light-quark bounds to constrain both the vector- a
axial-vector type of heavy-quark operators.~Note also that in
the limit where the muon mass is neglected, ourVV andAA
bounds fromt decays give identical bounds onVA andAV.!

In particular, the scalesL associated with heavy and ligh
operators, respectively, can then be related. Letting (X,Y) be
the two internal quarks and (x,y) be the two external quarks
we derive, in a transparent notation,

LmtXY
6 5Lmtxy

6 A g2

32p2
uVXxVYy* uS 16

MXMY

2MW
2 D ln

L

MW
,

~59!

where the1 (2) sign is for the axial-vector~vector! cou-
pling. Since, as discussed in Sec. II, the loop cutoffL in the
leading logarithmic terms can reliably represent the phys
cutoff of the effective theory@37#, we may set the above
logarithmic cutoffL equal to the light-quark boundLmtxy

6 .
The light-quark boundLmtxy

6 varies in the range aroun
1.5–15 TeV, and we may typically set it as 10 TeV.

Now, we examine the vector- and axial-vector couplin
for the t-c and t-u quark bilinears. With the internal quark
being thet andc ~or u), the best bound comes from settin
the external quarks to beb ~which attaches to the internalt
line! and d ~which attaches to the internalc or u line!. We
then use the strong axial-vector bound 8.2 TeV forb-d quark
bilinear, to obtain the bounds 310 GeV for thet-c operator
and 650 GeV for thet-u operator which hold for both axial
vector and vector type of couplings. This bound is mu
stronger than that from the top decays.
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4. Charm quark off-diagonal operators

The relevant charm quark operator is thec-u operator.
One can obtain bounds from the loop corrections discus
above for the vector and axial-vector operators. There
several possible choices for the external lines~and corre-
spondingss vector, dd-vector or sd-axial-vector bounds!;
the best comes from the vectorss-bound, i.e., fromt
→mf. We find that the bound on both the vector and axi
vector operators is 550 GeV.

The loop corrections will not give a significant bound o
the scalar or pseudoscalar operators due to the chirality s
ture of the couplings. We do get contributions from the fin
parts of the loop integrals, but the bounds are well below
W mass and thus not useful. For the pseudoscalar oper
one would get a strong bound fromD0→mt, if it were ki-
nematically accessible, but it falls 20 MeV short. We ha
also considered virtualt decays inD→mt!→nt1hadron,
but this width is proportional toGt so that the realistically
obtainable experimental bound onD→nt1hadron will not
give anything more than a few GeV bound forL. The scalar
operator would require an additional pion in the final sta
which makes it even more inaccessible. We know of
bounds on the scalar and pseudoscalar operators.

C. Diagonal operators

1. c-c operators

The c-c-m-t vector and axial vector operators can
bounded by the loop contributions~cf. Fig. 3! as discussed in
the preceding section, in which the internal quarks are b
charm quarks. The bound derived fromt→mf decays is
L.1.1 TeV for both the vector and axial vector operato
We note that there is no experimental bound available yet
the decayJ/C→mt.

One could bound the scalar and pseudoscalar operato
looking atmt final state ofxc andhc decays, respectively
However, no experimental bounds on these decays are a
able yet.

2. b-b operators

The obvious systems to look at are thebb̄ bound states.
No experimental bound onY→mt has been published. Th
ratio of the decayY(1s)→mt through the vector operator t
the decayY(1s)→m1m2 is independent of the matrix ele
ment ~if the mass difference betweenm andt is neglected!
and is given by 144p2MY

4 /(e4L4). The Y(1s)→m1m2

branching ratio is 2.5%@48#. The upper bound onY(1s)
→mt can be estimated by using Ref.@48# which measured
Y→tt, and by comparing with the measurement ofY(1s)
→m1m2. If one assumes universality, these will be equ
One can see that the excess oftt events must be less tha
about 0.40% at 95% C.L. One then asks what fraction ofmt
events would pass the cuts of thett analysis. Thett analy-
sis selects events with onet decaying toenn̄ and the other
decaying to one-prong non-electron final states; this wo
be satisfied bymt events depending on the cut on the m
mentum of the non-e track. A conservative estimate@46#
2-10
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FIG. 3. Diagrams which relate couplings involvingu-type quark bilinears tod-type quark bilinears. Thep2 is the charged Goldstone
boson.
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gives an upper bound of 4% on the branching ratio, so
we arrive atL.180 GeV. We know of no bound on th
scalar, pseudoscalar, or axial vector couplings, since the
very little data on these bound states. The loop contributi
are negligible in this case, primarily because the CKM m
trix elements forb to c,u transitions are small.

3. t-t operators

The only possible way to bound thet-t-m-t operators is
through the loop discussed above, turning the top quarks
b, s or d. The best bound comes from the case in which
external quarks areb andd, leading toB0→mt. Due to the
small CKM matrix elements such asVtd , the bounds are no
very strong. For the axial vector operator, we find thatL
.115 GeV, and for the vector operator,L.75 GeV. These
bounds are below the mass of top quark and thus the e
tive theory description is no longer valid. As discussed bel
Eq. ~55! for the constraints from top quark decays, the ND
analysis does increase the bounds by about a factor ofA4p
.3.5, but even in this case the effective theory formali
may not be so reliable. Nevertheless, these weak bound~if
they might be meaningful at all! are the best ones which w
could obtain at the present. For the scalar and pseudos
operators, we know of no reasonable bounds at all.

4. Radiativet decays

One might expect that strong bounds on diagonal op
tors could be obtained fromt→mg, where the two quarks
come together to form a loop. If the photon is attached to
quark loop, the result for an on-shell photon vanishes. Bu
the photon is attached to the tau or muon line, the quark l
is quadratically divergent and independent of external m
mentum. As discussed in Sec. II D, however, quadratic
divergent corrections are not guaranteed to represent the
contributions of a heavy physical state, and may be abso
via renormalization, and thus will not be considered furth
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IV. SUMMARY

The strong experimental evidence for largenm2nt oscil-
lation motivates us to explore the allowed mixings betwe
the second and third generations in the charged lepton se
We have systematically analyzed bounds on the gen
dimension-6 flavor-violationt-m operators of the form

~m̄Gt!~ q̄aGqb!,

where the Dirac matricesGP(S,P,V,A) are the same for
both thet-m and theqa-qb bilinears. Such effective opera
tors are interesting as they can naturally arise from vari
new physics scenarios and reflect the underlying flav
mixing dynamics which may directly link to the largenm-nt
neutrino oscillation. Since the neutrino oscillations meas
the MNS mixing matrix which is only a product of two ro
tation matrices from the lepton and neutrino mass diago
izations@cf. Eq. ~10!#, it is thus important to fully understand
the flavor dynamics and the origin of the neutrino oscillati
phenomena by directly testing possible large lepton mixin
from additional flavor-violation processes. Given such g
neric dimension-6t-m effective operators, we have consid
ered all possible flavor combinations in the quark-biline
q̄aGqb and analyzed existing experimental data for a vari
of processes to establish the best available bounds on
invoked new physics scaleL. Our results are summarized i
Table I.

In Sec. III A we studied the operators in Eq.~3! involving
two light quarks. We found quite strong bounds in this ca
since there are good experimental limits on decays oft to m
and one or two light mesons. ForP, V andA the bounds on
L are of order 10 TeV~except fors̄d where theP and A
bounds are weaker since the experimental constrain
weaker!. Since three-body decays are used for theScase, the
bounds obtained are slightly smaller, of order 1.5–2.5 Te
2-11
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In Secs. III B and III C we studied operators involving
least one heavy quark. For the case of a charm quark in
~3!, one might think of usingD decays to final states involv
ing mt but these are ruled out by kinematics. However
turns out that we obtained good bounds on operators inv
ing the cu and cc combinations for theV and A cases by
considering loop contributions~shown in Fig. 3! to t
→mf. Loop contributions involvingc quarks are enhance
by the fact thatVcs'1. For theS andP cases we could no
find a bound onL since the loop diagrams shown in Fig.
have a vanishing leading logarithmic term and the remain
finite loop terms are numerically negligible. Also there is
bound from pseudoscalar and scalar charmonium deca
these states are rather broad with several MeV uncertain
in their widths at the present, so there is no significant
perimental constraint on their branching fractions tomt.

For operators involving oneb quark, we used the exper
mental limits onB→mt, Bs→mt and estimated bounds o
B→mtM @49# to obtain bounds onL in the 3–9 TeV range.
There is some uncertainty in our approximate HQET@50#
hadronic matrix elements which could be improved, b
since it is a fourth root which appears in our extraction ofL,
the final error is not so large. For theb̄b case, we considere
the contribution of loop diagrams in Fig. 3 with internalb
quarks to processes involving externalu quarks. However,
these are suppressed by a CKM factoruVubu2 and thus do not
lead to a useful bound. The only significant bound forb̄b
which we could obtain is for theV-type operator and it
comes fromY decay.

For operators involving one top quark~via tu andtc), the
best bounds for theSandP cases come directly from the to
quark decayst→cmt,umt. Their decay widths scale a
mt

5/L4 so that the bounds are actually non-trivial. For theV
andA types of operators with quark bilinearstu, tc and also
t̄ t, the strongest bound comes from the associated contr
tion to B→mt due to internalt quarks in Fig. 3. We have no
found a way to bound theSandP operators for the case wit
t̄ t quark bilinear.

It is important to note that under the linear realization
the standard model gauge group, the allowed operators
restricted toV and A types, as discussed in Sec. II A an
Appendix A. In this case, we obtain bounds for all but one
the allowed operators~i.e., exceptG5A for the quark-
bilinear b̄Gb). We should mention that if the coefficien
C ab

j of our dimension-6 operators follow the estimate of t
NDA analysis in Eq.~7! for a certain class of strongly
coupled theories@instead of the ‘‘default’’ estimate in Eq
~7!#, the final bounds in Table I would be stronger by a fac
of &A4p.3.5. On the other hand, if the underlying theo
is weakly coupled~such as SUSY-type models!, the coeffi-
cientsC ab

j ;O(1) @cf. Eq. ~8!# and thus the final bounds i
Table I would be weaker by about a factor ofA4p. Impres-
sively, even in this weakly coupled scenario, Table I sho
that significant bounds ofL.0.624 TeV still hold for all
those quark bilinears with not or c quark and at most oneb
quark. Also, it will be interesting to further investigate ho
the present bounds in Table I can explicitly constrain
05300
q.

t
v-

g

—
es
-

t

u-

f
re

f

r

s

e

TABLE I. Bounds at 90% C.L. on four-Fermi flavor-violation

operators of the form (m̄G jt)(q̄aG jq
b), whereG j P ~S, P, V, A!.

Combinations for which no bound has been found are marked w
an asterisk, otherwise we list the process which gives the stron
bound~cf. text for details!.

Bound 1 g5 gs gsg5

ūu 2.6 TeV 12 TeV 12 TeV 11 TeV

(t→mp1p2) (t→mp0) (t→mr) (t→mp0)

d̄d 2.6 TeV 12 TeV 12 TeV 11 TeV

(t→mp1p2) (t→mp0) (t→mr) (t→mp0)

s̄s 1.5 TeV 9.9 TeV 14 TeV 9.5 TeV

(t→mK1K2) (t→mh) (t→mf) (t→mh)

s̄d 2.3 TeV 3.7 TeV 13 TeV 3.6 TeV

(t→mK1p2) (t→mK0) (t→mK!) (t→mK0)

b̄d 2.2 TeV 9.3 TeV 2.2 TeV 8.2 TeV

(B→pmt) (B→mt) (B→pmt) (B→mt)

b̄s 2.6 TeV 2.8 TeV 2.6 TeV 2.5 TeV

(B→Kmt) (Bs→mt) (B→Kmt) (Bs→mt)

t̄ c 190 GeV 190 GeV 310 GeV 310 GeV

(t→cmt) (t→cmt) (B→mt) (B→mt)

t̄ u 190 GeV 190 GeV 650 GeV 650 GeV

(t→umt) (t→umt) (B→mt) (B→mt)

c̄u ! ! 550 GeV 550 GeV

(t→mf) (t→mf)

c̄c ! ! 1.1 TeV 1.1 TeV

(t→mf) (t→mf)

b̄b ! ! 180 GeV !

(Y→mt)

t̄ t ! ! 75 GeV 120 GeV

(B→mt) (B→mt)
2-12
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relevant models classified in Sec. II C, which will indu
specific forms of ourm-t flavor violation operators in the
low energy theory.

We note that most bounds listed in Table I are from r
decays oft andB. Tighter experimental bounds ont decays
would lead to stronger bounds on almost one-half of
operators considered here. Searches formt from charmo-
nium decays (J/C,xc ,hc) would be an important addition to
study this class of operators. Also, as emphasized in Sec
it would be particularly significant to have an experimen
bound onBs→mt and alsoB decays tomtM . Since we
have not found any way to bound three of the four opera
with b̄b bilinears, it would be helpful to have experiment
bounds on scalar and pseudoscalarb̄b decay tomt. It is also
very interesting to search for the decayt→mt1 jet at the
top-quark factories such as the Tevatron Run-II and
CERN LHC.

Finally, in Appendix B, we also considered an extens
of our formalism in Sec. II A to include purely leptonict-m
operators at dimension-6 with a lepton-bilinear (l̄ aG l b) @cf.
Eq. ~B1!#. Among the available constraints, we found th
the three-body rare decayst→3m,mme,mee give the best
bounds at the order of 10 TeV or so. For (l̄ aG l b) being a
neutrino pair, the bounds fromt→mnn̄ decay are much
weaker, around 223 TeV. No significant bound is obtaine
for ( l̄ aG l b) containing one or two heavyt leptons.
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APPENDIX A: NONLINEAR VERSUS LINEAR
REALIZATION OF THE ELECTROWEAK GAUGE

SYMMETRY

We note that in principle the exact form of Eq.~3! de-
pends on how the electroweak gauge symmetry is realize
LSM. The general form~3! can be derived by using the non
linear realization of the SM gauge symmetry. Under the n
linear realization, the SM Higgs-Goldstone fields are para
etrized as

F5
1

A2
~v1H !U, U5exp@ ipata/v#, ~A1!

which transforms, underGSM5SU(2)L ^ U(1)Y , as
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U→U85gLUgY
† , H→H85H,

~A2!
gL5exp@2 iuL

ata/2#, gY5exp@2 iuYt3/2#.

We introduce the following useful notations:

DmU5]mU1 igWm
a ta

2
U2 ig8UBm

t3

2
,

Vm5~DmU !U†, V̄m5U†~DmU !5U†VmU,

T a5UtaU†,

W m
652

i

g
Tr @t6U†DmU#52

i

g
Tr @t6V̄m#

52
i

g
Tr @T 6Vm#, ~A3!

Z m
0 52

icw

g
Tr @t3U†DmU#52

icw

g
Tr @t3V̄m#

52
icw

g
Tr @T 3Vm#,

where cw[ cosuW and sw[ sinuW. It can be proven that
V̄m5 i (g/2)@W m

1t21W m
2t11cw

21Z m
0 t3#. Then, we can

write the following transformation laws, underGSM:

Vm→V m8 5gLVmgL
† , V̄m→V̄m8 5gYV̄mgY

† ,
~A4!

W m
6→W m

685exp@7 iuY#W m
6 , Z m

0 →Z m
085Z m

0 .

Since (W 6,Z 0) feel only the unbrokenU(1)em gauge inter-
action, its covariant derivative is

DnW m
65~]n6 ieAn!W m

6 , DnZ m
0 5]nZ m

0 . ~A5!

In general, the non-linear composite fields (W 6,Z 0) can be
expanded as

W m
65Wm

61
1

MW
]mp6

6
ig

MW
@~cwZm1swAm!p62Wm

6p0#

6
ig

2MW
2 @p0]mp62p6]mp0#1•••, ~A6!

Z m
0 5Zm

0 1
1

MZ
]mp01

ig

MZ
~Wm

1p22Wm
2p1!

1
ig

2cwMZ
2 ~p1]mp2p2]mp1!1•••,

so that in the unitary gauge, (W m
6 ,Z m

0 )5(Wm
6 ,Zm

0 ), and
2-13
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Vm5V̄m5
ig

2 S cw
21Zm A2Wm

1

A2W2 2cw
21Zm

D . ~A7!

Now, we can rewrite the SM Lagrangian in terms of fiel
which feel only the unbrokenU(1)em,

LSM5L SM
G 1L SM

H 1L SM
F

L SM
G 52

1

4
@W mn

a W amn1BmnBmn#

L SM
H 5

1

2
]mH]mH2VSM~H !

2
1

4
Tr @V mVm#@v212vH1H2# ~A8!

L SM
F 52

g

2
F jL̄gm~W m

6t71cw
21Z m

0 t3!F jL

1 f j̄ ig
m@]m1 ieQf j

Am
0 2 ig8swQf j

Z m
0 # f j

2 f j̄M j j 8
f f j 8~11H/v !

whereM f is the general fermion mass matrix and after
agonalization,M j j 8

f
5mf jd j j 8 . The electric charge of the

fermion f j is defined by Qf j
5I 3 j1Yf j

/2, and F jL

[( f 1 jL , f 2 jL)T is the left-handedSU(2)L fermion doublet.
For the electroweak interactions in this non-linear reali
tion, Eqs.~A8! and ~A4! show that the fermions have th
U(1)em covariant derivative

Dm f j5~]m1 ieQf j
Am! f j . ~A9!

Since the fermion fields only feel an unbroken electrom
neticU(1)em gauge symmetry, we see that under this form
ism the dimension-6t-m operator contained inDL indeed
takes the most general form as in Eq.~3! that involves one
t-m bilinear and one quark bilinear. This nonlinear forma
ism is particularly motivated when the Higgs sector ofLSM is
strongly coupled or the Higgs boson does not exist@3,12#. In
this case, the electroweak symmetry breaking scale
bounded from the above, i.e.,LEW&4pv @11,24,25#.

If the Higgs bosonH0 is relatively light, we may choose
the linear realization for theLSM @15#, in which we consider
L>LEW so that at the new physics scaleL, the effective
LagrangianLeff should be invariant under SM gauge gro
GSM5SU(2)L ^ U(1)Y . The SM fermion fields in these two
formalisms are related@13#,

F jL5U†F jL
linear, f jR5 f jR

linear,

f j→ f j85exp@ iuYQf j
# f j ~underGSM!,

~A10!

where the linearly realized fermions have the usual covar
derivatives as in the SM,
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DmF jL
linear5S ]m1 ig

ta

2
Wm

a 1 ig8
YjL

2
BmDF jL

linear,

Dm f jR
linear5S ]m1 ig8

YjR

2
BmD f jR

linear. ~A11!

This further restricts the form of the dimension-6 operator
Eq. ~3! because of the requirement of both the isospin a
hypercharge conservations. Thus, we arrive at Eqs.~4! and
~5! for the linearly realized effectivet-m operators in Sec.
II A.

APPENDIX B: BOUNDS ON THE PURELY LEPTONIC
OPERATORS

In principle, we can extend the formalism in Sec. II
include the purely leptonic operators of the form,

DL tm
(6,)5 (

j ,a,b

C j ,ab
,

L2
~m̄G jt!~ ,̄aG j,

b!1H.c., ~B1!

which contains an additional lepton bilinear (,̄aG,b) instead
of quark bilinear (q̄aGqb) in Eq. ~3!.

For both ,a and ,b being light leptons~electrons or
muons!, the three-body raret decay, t2→m2l a l̄ b,
provides the best bounds. There are in total fo
allowed combinations from Eq. ~B1!, (,a,,̄b)
5(m2,m1),(m2,e1),(m1,e2),(e2,e1), giving the decay
channels t2→m2m2m1,m2m2e1,m2m1e2,m2e2e1.
Their partial decay widths are computed as

G3l5
~C ab

,, j !2%mt
5

768p3L4
3H 1 ~G j5S,P!,

4 ~G j5V,A!,
~B2!

where%51 for t2→m2m2m1,m2m2e1, and%51/2 for
t2→m2m1e2,m2e2e1.

The experimental bounds on the decay branching ra
~BR! of these channels are given, at 90% C.L.@41#,

BR@t2→m2m2m1#,1.931026,

BR@t2→m2m2e1#,1.531026,
~B3!

BR@t2→m2m1e2#,1.831026,

BR@t2→m2e2e1#,1.731026,

which are all at 1026 level. From these we derive the fo
lowing bounds on the scaleL,
2-14
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L . H ~12.8,13.5,11.9,11.0! TeV ~G j5S,P!,

~18.0,19.1,15.4,15.6! TeV ~G j5V,A!,
~B4!

for the four rare decay channels, t2

→m2m2m1,m2m2e1,m2m1e2,m2e2e1, respectively.
We see that these are quite similar, around 11–14 TeV
G j5S,P and 15–19 TeV forG j5V,A.

For the case where,a and ,b are neutrinos, (,a,,b)
5(na,nb), then the decay rate fort→mnn̄ will be in-
creased. Given the current data@41#, BR@t→mnn̄#5(17.37
60.07)%, we see that an increase of this branching ratio
an amount of 0.115%51.1531023 can be tolerated at 90%
-
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e
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C.L. Similar to Eq. ~B4!, we derive the following bound
from thet→mnan̄b channel:

L . H 2.2 TeV ~G j5S,P!,

3.1 TeV ~G j5V,A!,
~B5!

which are weaker than Eq.~B4! by about a factor of
(1000)1/4'5 –6 due to the different branching ratio.

Finally, one or both of (,a,,b) can be thet lepton. In this
case, we may use the triangleW loop to relate the heavyt
lepton operators to the neutrino operators, similar to Fig
and Eq.~59!. The resulting bounds are around 150 GeV f
the S andP operators, and around 200 GeV for theV andA
operators, which are rather weak and less useful.
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