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Flavor changing effects in theories with a heavyZ8 boson with family nonuniversal couplings
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There are theoretical and phenomenological motivations that there may exist additional heavyZ8 bosons
with family nonuniversal couplings. Flavor mixing in the quark and lepton sectors will then lead to flavor
changing couplings of the heavyZ8, and also of the ordinaryZ whenZ-Z8 mixing is included. The general
formalism of such effects is described, and applications are made to a variety of flavor changing andCP-
violating tree and loop processes. Results are described for three specific cases motivated by a specific heterotic
string model and by phenomenological considerations, including cases in which all three families have differ-
ent couplings, and those in which the first two families, but not the third, have the same couplings. Even within
a specific theory the results are model dependent because of unknown quark and lepton mixing matrices.
However, assuming that typical mixings are comparable to the Cabibbo-Kobayashi-Maskawa matrix, processes

such as coherentm-e conversion in a muonic atom,K0-K̄0 and B-B̄ mixing, e, ande8/e lead to significant
constraints onZ8 bosons in the theoretically and phenomenologically motivated rangeMZ8;1 TeV.

PACS number~s!: 12.15.Mm, 13.20.2v, 13.35.2r
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I. INTRODUCTION

Additional heavy neutralZ8 gauge bosons are among
the best motivated extensions of the standard model~SM!, or
its supersymmetric extension@minimal supersymmetric stan
dard model~MSSM!# @1#. In particular, they often occur in
grand unified theories~GUTs!, superstring theories, an
theories with large extra dimensions@2#. In traditional GUTs,
the scale of theZ8 mass is arbitrary. However, in perturb
tive heterotic string models with supergravity mediated
persymmetry breaking, the U(1)8 and electroweak breakin
are both driven by a radiative mechanism, with their sca
set by the soft supersymmetry breaking parameters, imply
that theZ8 mass should be less than around a TeV@3#. ~The
breaking can be at a larger intermediate scale if it is ass
ated with aD-flat direction@4#.! Furthermore, the extra sym
metry can forbid an elementarym term, while allowing an
effective m and Bm to be generated at the U(1)8 breaking
scale, providing a solution to them problem without intro-
ducing cosmological problems@5,3#. An extra U(1)8 pro-
vides an analogous solution to them problem in models of
gauge-mediated supersymmetry breaking@6,7#. An extra
U(1)8 gauge symmetry does not by itself spoil the succes
of gauge coupling unification.

There are stringent limits on the mass of an extraZ8 from
the nonobservation of direct production followed by deca
into e1e2 or m1m2 by the Collider Detector at Fermila
~CDF! @8#, while indirect constraints from precision data al
limit the Z8 mass~weak neutral current processes and
CERN e1e2 collider LEP II! and severely constrain th
Z-Z8 mixing angleu ~Z pole! @9#. These limits are mode
dependent, but are typically in the rangeMZ8
.O(500) GeV anduuu,few31023 for standard GUT mod-
els. Recently, it has been argued@10,11# that bothZ-pole
data and atomic parity violation are much better describe
the SM or the MSSM is extended by an additional heavyZ8.

There is thus both theoretical and experimental moti
tion for an additionalZ8, most likely in the range 500 GeV
0556-2821/2000/62~1!/013006~10!/$15.00 62 0130
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to 1 TeV. If true, there should be a good chance to observ
at RunII at the Fermilab Tevatron, and certainly at the CER
Large Hadron Collider~LHC!. Also, in this mass range, i
should be possible to carry out significant diagnostic pro
of the Z8 couplings at the LHC and at a future NLC@12#,
which would complement those from the precision expe
ments@10#. The existence of a heavyZ8 would also sugges
a spectrum of sparticles considerably different than most v
sions of the MSSM@13#.

Most studies have assumed that theZ8 gauge couplings
are family universal@14#, so that they remain diagonal eve
in the presence of fermion flavor mixing by the Glasho
Iliopoulos-Maiani ~GIM! mechanism. However, in string
models it is possible to have family-nonuniversalZ8 cou-
plings, because of different constructions of the differe
families. For instance, the consequences of a model
Chaudhuri, Hockney, and Lykken@15# have been extensively
analyzed in@16#, where it was shown that mostF andD-flat
directions involve an additional U(1)8 broken at the TeV
scale. In this case, the third generation quark couplings
different from the first two families, and all three lepton ge
erations have different couplings. Other aspects of the mo
are not realistic, but nevertheless this provides a motiva
to consider nonuniversal couplings. Similarly, possib
anomalies in theZ-polebb̄ asymmetries@17# suggest that the
data are better fitted with a nonuniversalZ8 @10#.

Family-nonuniversalZ8 couplings necessarily lead t
flavor-changing~nondiagonal! Z8 couplings, and possibly to
newCP-violating effects, when quark and lepton flavor mi
ing are taken into account.1 This will also imply flavor vio-

1Models with an extraZ8 often include additional exotic fermion
@i.e., with nonstandard SU~2! assignments# as well. Mixing of ordi-
nary and exotic fermions could lead to flavor changingZ8 and Z
couplings even in the absence of family nonuniversal charges,
to nonuniversalW couplings@18#. We do not consider such effect
in this paper.
©2000 The American Physical Society06-1
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lating Z couplings if there isZ-Z8 mixing. Thus, flavor
changing neutral current~FCNC! and CP-violating effects
should be considered an additional constraint, conseque
or possibly diagnostic probe of an extraZ8, and conversely
as another motivation to search for FCNC effects.

Even for a model in which theZ8 couplings are specified
~prior to flavor mixing!, the predictions for FCNC are stil
model dependent, because they depend on the individual
tary transformations for the left~L! and right ~R! chiral u
quarks,d quarks, charged leptons, and neutrinos which di
onalize their respective mass matrices. However, only
combination ofL matrices for theu and d occurring in the
Cabibbo-Kobayashi-Maskawa~CKM! matrix is known ex-
perimentally~with weak constraints on the leptonic analo
from neutrino oscillations!, so one cannot make definitiv
predictions. We will present our results for arbitrary mixing
and then illustrate assuming that all of the mixing matric
are comparable to the CKM matrix.2

In the next section we discuss the general formalism
introduce our notation. In Sec. III we discussZ8 contribu-
tions to flavor changing processes forbidden in the stand
model and to new contributions to SM processes, and we
experimental results to constrain theZ8 couplings. Specific
examples of aZ8 with flavor changing couplings are dis
cussed in Sec. IV. Models in which all three families ha
different Z8 charges in the gauge eigenstate basis
strongly constrained by experimental results, and even m
els in which the first two families have the same couplin
but not the third, can yield flavor changing rates above
perimental limits unless they are suppressed by small mix
elements. Finally, in Sec. V we summarize our results a
present our conclusions.

II. FORMALISM

We will use the formalism developed in Ref.@19# and
generalize it to the case of flavor violatingZ8 couplings. In
the basis in which all the fields are gauge eigenstates
neutral current Lagrangian is given by

LNC52eJem
m Am2g1J~1!mZ1,m

0 2g2J~2!mZ2,m
0 , ~1!

where Z1
0 is the SU~2!3U~1! neutral gauge boson,Z2

0 the
new gauge boson associated with an additional Abe
gauge symmetry, and the currents are

Jm
~1!5(

i
c̄ igm@eL~ i !PL1eR~ i !PR#c i , ~2!

Jm
~2!5(

i , j
c̄ igm@ecLi j

~2! PL1ecRi j

~2! PR#c j , ~3!

2For a complete theory the U(1)8 charges would constrain th
possible flavor mixings. However, such relations would be mu
more specific than the general issues considered here.
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where the sum extends over all quarks and leptonsc i , j and
PR,L5(16g5)/2. ecR,Li j

(2) denote the chiral couplings of th

new gauge boson, and the standard model chiral coupl
are

eR~ i !52sin2 uWQi , eL~ i !5t3
i 2sin2 uWQi , ~4!

wheret3
i andQi are the third component of the weak isosp

and the electric charge of fermioni, respectively. g1
5g/cosuW5e/sinuW and g2 are the gauge couplings of th
two U~1! factors.

Flavor changing effects~FCNCs! immediately arise if the
e (2) are nondiagonal matrices. If theZ2

0 couplings are diag-
onal but nonuniversal, flavor changing couplings are indu
by fermion mixing. The fermion Yukawa matriceshc in the
weak eigenstate basis can be diagonalized by unitary m
cesVR,L

c

hc,diag5VR
chcVL

c†
, ~5!

where the CKM matrix is given by the combination

VCKM5VL
uVL

d† . ~6!

Hence, the chiralZ2
0 couplings in the fermion mass eigen

state basis read

Bi j
cL[~VL

cecL

~2!VL
c†

! i j and Bi j
cR[~VR

cecR

~2!VR
c†

! i j . ~7!

Further,Z-Z8 mixing is induced by electroweak symme
try breaking, implying thatZ1,2

0 are related to mass eigen
states by an orthogonal transformation. Hence, the coupl
of the massive gauge boson mass eigenstatesZ( i ) are

LNC
Z 52g1FcosuJ~1!m1

g2

g1
sinuJ~2!mGZm

~1!

2g1Fg2

g1
cosuJ~2!m2sinuJ~1!mGZm

~2! , ~8!

whereu is theZ-Z8 mixing angle. The standard model wea
neutral currentJ(1)m is given in Eq.~2!, andJ(2)m has a form
analogous to Eq.~3!, with the ecR,L

(2) replaced by the cou-

plings BcR,L from Eq. ~7!.
We have neglected kinetic mixing@20#, since it only

amounts to a redefinition of the unknownZ8 couplings.3 At
low energies, the effective four-fermion interactions are th
given by

2Leff5
4GF

&
(
c,x

~reffJ
~1!2

12wJ~1!J~2!1yJ~2!2
! ~9!

h

3Kinetic mixing allows the redefinedZ2
0 charges to have a com

ponent of weak hypercharge, which would otherwise not be
lowed. This is irrelevant for the purposes of this paper.
6-2
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5
4GF

&
(
c,x

(
i , j ,k,l

@Ckl
i j Qkl

i j 1C̃kl
i j Q̃kl

i j 1Dkl
i j Okl

i j 1D̃kl
i j Õkl

i j #,

~10!

with the local operators4

Qkl
i j 5~ c̄ ig

mPLc j !~ x̄kgmPLx l !,

Q̃kl
i j 5~ c̄ ig

mPRc j !~ x̄kgmPRx l !,

Okl
i j 5~ c̄ ig

mPLc j !~ x̄kgmPRx l !,

Õkl
i j 5~ c̄ ig

mPRc j !~ x̄kgmPLx l !. ~11!

c and x represent classes of fermions with the same
quantum numbers, i.e.,u, d, e2, andn, while i,j,k,l are fam-
ily indices. The coefficients are

Ckl
i j 5reffd i j dkleL~ i !eL~k!1wd i j eL~c i !Bkl

xL

1wdkleL~x l !Bi j
cL1yBi j

cLBkl
xL, ~12!

C̃kl
i j 5reffd i j dkleR~ i !eR~k!1wd i j eR~c i !Bkl

xR

1wdkleR~x l !Bi j
cR1yBi j

cRBkl
xR , ~13!

Dkl
i j 5reffd i j dkleL~ i !eR~k!1wd i j eL~c i !Bkl

xR

1wdkleR~x l !Bi j
cL1yBi j

cLBkl
xR , ~14!

D̃kl
i j 5reffd i j dkleR~ i !eL~k!1wd i j eR~c i !Bkl

xL

1wdkleL~x l !Bi j
cR1yBi j

cRBkl
xL. ~15!

The coefficients are given by

reff5r1cos2 u1r2 sin2 u, r i5
MW

2

Mi
2 cos2 uW

, ~16!

w5
g2

g1
sinu cosu~r12r2!, ~17!

y5S g2

g1
D 2

~r1 sin2 u1r2 cos2 u!, ~18!

where Mi are the masses of the neutral gauge boson m
eigenstates anduW is the electroweak mixing angle.

III. FLAVOR CHANGING PROCESSES

In this section we will discuss flavor violating process
forbidden in the SM and new contributions to SM process
Experimental bounds or results on these processes~see Ref.

4These operators are not all independent. For couplings of
fermions of the same type,c5x, e.g., four charged leptons, on

hasQkl
i j 5Qi j

kl , Q̃kl
i j 5Q̃i j

kl , andOkl
i j 5Õi j

kl .
01300
ss
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@17#! can then be used to constrain theZ8 couplings.

A. Z decays

Because of theZ-Z8 mixing, Z couples toJ(2). The decay
width for a flavor changingZ decay at tree level is given b

G~Z→c i c̄ j !5
CGFr1M1

3

3&p
S g2

g1
D 2

sin2 u~ uBi j
cLu21uBi j

cRu2!,

~19!

whereC51 (C53) is the color factor for leptons~quarks!.
Because of strong experimental constraints on theZ-Z8 mix-
ing angleu, see Refs.@9,10#, the BcR,L cannot be strongly
constrained from flavor violatingZ decays.

B. Lepton decays

In the SM each lepton generation has a separately c
served lepton number, if one neglects small effects fr
nonvanishing neutrino masses and nonperturbative effe
The effective Lagrangian~10! gives rise to lepton family
number violating processes, although the total lepton num
is still conserved.

Consider first the decay of a charged leptonl j into three
different charged leptonsl i , l k , and l̄ l . At tree level, the
decay width is

G~ l j→ l i l k l̄ l !5
GF

2ml j

5

48p3 ~ uCl kl l

l i l j 1Cl i l l

l kl j u21uC̃l kl l

l i l j 1C̃l i l l

l kl j u2

1uDl kl l

l i l j u21uDl i l l

l kl j u21uD̃ l kl l

l i l j u21uD̃ l i l l

l kl j u2!, ~20!

where we have neglected the masses of the final state
tons. If two leptons in the final state are equal (i 5k), taking
permutations of the external fermion lines into accou
yields @21#

G~ l j→ l i l i l̄ l !5
GF

2ml j

5

48p3 ~2uCl i l l

l i l j u212uC̃l i l l

l i l j u2

1uDl i l l

l i l j u21uD̃ l i l l

l i l j u2!. ~21!

Since such processes are free of hadronic uncertainties
well constrained experimentally@17,21,22#, they yield strong
constraints on the leptonic couplings of aZ8.5

The strongest constraint on theZ8-m-e coupling, how-
ever, comes from coherentm-e conversion in a muonic atom
@24#. The branching fraction for this process, i.e., the ratio
the coherentm-e conversion rate to them capture rate for a
nucleus of atomic numberZ and neutron numberN is given
by @25,21#

ur 5In Ref. @23# these processes were considered in the case of
ishing Z-Z8 mixing, Z8 couplings of theV-A form, and assuming
that theZ8 has no diagonal couplings.
6-3
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B~m2N→e2N!5
GF

2a3mm
5

2p2Gcapt

Zeff
4

Z
uFPu2~ uB12

l L u21uB12
l Ru2!

3UwF1

2
~Z2N!22Z sin2 uWG

1y@~2Z1N!~B11
uL1B11

uR!

1~Z12N!~B11
dL1B11

dR!#U2

, ~22!

where Gcapt is the m capture rate,Zeff an effective atomic
charge obtained by averaging the muon wave function o
the nucleon, andFP is a nuclear matrix element.

C. Radiative decays

Neutral current penguins give rise to radiative lepton
cays. Neglecting the mass of the final state lepton, the de
width is

G~ l j→ l ig!5
aGF

2ml j

5

8p4 ~ ujL
l i l j u21ujR

l i l j u2!, ~23!

where the dipole moment couplings of an on-shell photon
the chiralm-e currents are

jL
l i l j5

1

ml j

(
k

ml k
Dl i l k

l kl j5
y

ml j

~Bl RmlB
l L! i j 1weL~ l j !Bi j

l R,

~24!

jR
l i l j5

1

ml j

(
k

ml k
D̃ l i l k

l kl j5
y

ml j

~Bl LmlB
l R! i j 1weR~ l j !Bi j

l L,

~25!

whereml is the charged lepton mass matrix.
A similar result holds for the decayb→sg. Since the

b-quark mass is much larger than the QCD scaleL, long-
range strong interaction effects are not expected to be im
tant in the inclusive decayB→Xsg @26#. Hence, the rate for
this process is usually approximated by considering the r

R[
G~B→Xsg!

G~B→Xcen̄e!
'

G~b→sg!

G~b→cen̄e!
. ~26!

Neglecting SM contributions, the contribution toR from the
one-loop neutral current penguin diagrams is

R5
8a

3p
uVcbu22f 21S mc

2

mb
2D ~ ujL

sbu21ujR
sbu2!, ~27!

wheref is the phase-space factor in the semileptonicb decay:

f ~x!5128x18x32x4212x2 ln x. ~28!

In analogy to Eqs.~24! and~25! the flavor violating effective
couplingsjR,L

sb are given by
01300
er
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jL
sb5

1

mb
(

k
mdk

Dsdk

dkb
5

y

mb
~BdRmdBdL!231weL~b!B23

dR,

~29!

jR
sb5

1

mb
(

k
mdk

D̃sdk

dkb
5

y

mb
~BdLmdBdR!231weR~b!B23

dL,

~30!

wheredk stands for thekth generation down-type quark an
md is the diagonal mass matrix of down quarks.

D. Leptonic meson decays

Meson decays can be used to place limits on theZ8 cou-
plings to quarks. Consider the lepton family number viol
ing decay of a neutral pseudoscalar mesonP0 into two
charged leptonsl i and l j , with iÞ j . Due to the hierarchy of
lepton masses, we can neglect the mass of the lighter lep
Assuming thatml j

!ml i
~the caseml i

!ml j
can be obtained

by exchanging the lepton indicesi andj in the following! the
decay width is

G~P0→ l i l̄ j !52
G~P2→ l i n̄ i !

uVklu2 ~ ubL
l i l j u21ubR

l i l j u2!, ~31!

where we have used isospin symmetry to relate the am
tude for P0→ l i l̄ j to the amplitude for the SM decayP2

→ l i n̄ i , andVkl is the element of the CKM matrix appearin
in this SM process. The coefficientsbR,L for the decays we
have considered are given in Table I.

In the SM the decay of a pseudoscalarP0 into a lepton
and its antilepton is suppressed by the GIM mechanism
can only occur at one-loop level~see, e.g., Ref.@27# for a
discussion ofKL

0→ l i l̄ i in the SM!, whereas theZ8 couplings
allow tree-level contributions to such processes. Neglec
SM contributions, which are formally of higher order in th
couplings, the decay width reads

G~P0→ l i l̄ i !54
G~P2→ l i n̄ i !

uVklu2
mP

3AmP
2 24ml i

2

~mP
2 2ml i

2 !2 ubL
l i l i2bR

l i l iu2,

~32!

TABLE I. Coefficients in the decay widths of pseudoscalar m

sonsP0. SinceKL
0 is a linear combination ofK0 and K̄0, thebR,L

for KL
0 decays depend only on the real part of theZ8-d-s axial

vector coupling Re(B12
dR2B12

dL).

P0 bL
l i l j bR

l i l j

p0 Duu
l i l j2Cuu

l i l j2Ddd
l i l j1Cdd

l i l j C̃uu
l i l j2D̃uu

l i l j2C̃dd
l i l j1D̃dd

l i l j

KL
0 Dds

l i l j1Dsd
l i l j2Cds

l i l j2Csd
l i l j 2D̃ds

l i l j2D̃sd
l i l j1C̃ds

l i l j1C̃sd
l i l j

D0 &(Dcu
l i l j2Ccu

l i l j) &(2D̃cu
l i l j1C̃cu

l i l j)
B0 &(Dbd

l i l j2Cbd
l i l j) &(2D̃bd

l i l j1C̃bd
l i l j)

Bs
0 &(Dbs

l i l j2Cbs
l i l j) &(2D̃bs

l i l j1C̃bs
l i l j)
6-4
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where the mass-dependent factor corrects for the diffe
phase spaces in the decays ofP0 andP2, and the couplings
bR,L can again be found in Table I.

Similar formulas hold for semileptonict decays. For the
processt→ l ip

0 we have

G~t→ l ip
0!52

G~t→ntp
2!

uVudu2
~ ubL

l itu21ubR
l itu2!, ~33!

where we have neglected the mass of the final state le
and thebR,L are given in the first line of Table I, whereas fo
t→ l iK

0 one finds

G~t→ l iK
0!54

G~t→ntK
2!

uVusu2
~ uCds

l it2Dds
l itu21uC̃ds

l it2D̃ds
l itu2!.

~34!

Replacing the indicesd and s yields the decay width fort
→ l i K̄

0.

E. Semileptonic meson decays

All the processes discussed in the last section const
only couplings of the formDqkql

l i l j 2Cqkql

l i l j , i.e., the axial vector

couplings in the quark current. Limits on the correspond
vector couplings can be obtained by considering decay
P0 into another pseudoscalar meson and two leptons.

Particularly interesting are lepton flavor conserving,CP

violating contributions to decaysKL
0→p0 l̄ l , since the

branching ratios are expected to be small in the SM@27,28#
and new limits from KTeV@29# allow the imaginary part of
theZ8-d-s vector coupling to be constrained. Neglecting t
electron mass but taking them-mass into account, the deca
widths for the semileptonicKL

0 decays considered are

G~KL
0→e1e2p0!52

G~K1→e1nep
0!

uVusu2
~ udL

eeu21udR
eeu2!,

~35!

G~KL
0→m1m2p0!52

G~K1→m1nmp0!

uVusu2

3@0.57~ udL
mmu21udR

mmu2!

20.48 Re~dL
mmdR

mm* !#, ~36!

where the numerical coefficients in the last decay width a
due to the different phase spaces for the processesKL

0

→m1m2p0 andK1→m1nmp0, and the couplingsdR,L for
these processes are given in Table II. We also considered
lepton flavor violating decay

G~KL
0→m1e2p0!52

G~K1→m1nmp0!

uVusu2
~ udL

emu21udR
emu2!,

~37!

although experimental bounds on theZ8-m-e coupling from
coherentm-e conversion imply that the branching ratio fo
01300
nt

on

in

g
of

e

the

this process is several orders of magnitude below the exp
mental bounds. Similarly, for semileptonicD0 andB0 decays
one has

G~D0→ l i l̄ jp
0!5

G~D1→ l̄ jn jp
0!

uVcdu2
~ udL

l i l j u21udR
l i l j u2!,

~38!

G~B0→ l i l̄ jK
0!5

G~B1→ l̄ in i D̄
0!

uVcbu2
f ~mK

2 /mB
2 !

f ~mD
2 /mB

2 !

3~ udL
l i l j u21udR

l i l j u2!, ~39!

where the phase-space functionf is given in Eq.~28!.

F. Mass splittings andCP violation

The effective Lagrangian~10! also contributes to the mas
splitting in a neutral pseudoscalar meson system. Again
noting the flavor eigenstates of a meson byP0 and P̄0, the
mass splittingDmP is given by

DmP522 Rê P0uLeffuP̄0&. ~40!

The relevant hadronic matrix elements of the operators~11!
have been determined in the vacuum insertion approxima
using PCAC@30#. Hence, for a meson with the quark conte
P05q̄ jqi we obtain the following contribution to the mas
splitting:

DmP54&GFmPFP
2 yH 1

3
Re@~Bi j

qL!21~Bi j
qR!2#

2F1

2
1

1

3 S mP

mqi
1mqj

D 2GRe~Bi j
qLBi j

qR!J , ~41!

wheremP and FP are the mass and decay constant of
meson, respectively.

Further, phases in theZ8 couplingsBi j
cR,L will contribute

to CP violating processes. Limits on the imaginary parts
the s-d-Z8 couplings can be placed by considering indire
CP violation «K in the neutral kaon system

TABLE II. Coefficients for semileptonic meson decays. T
dR,L for KL

0 decays are proportional to the imaginary part of t
Z8-d-s vector coupling Im(B12

dR1B12
dL).

P dL
l i l j dR

l i l j

KL
0 Dds

l i l j2Dsd
l i l j1Cds

l i l j2Csd
l i l j D̃sd

l i l j2D̃ds
l i l j1C̃sd

l i l j2C̃ds
l i l j

D0 &(Dcu
l i l j1Ccu

l i l j) &(D̃cu
l i l j1C̃cu

l i l j)
B0 &(Dbs

l i l j1Cbs
l i l j) &(D̃bs

l i l j1C̃bs
l i l j)
6-5
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u«Ku5
1

2&

Im^K0uLeffuK̄0&

Rê K0uLeffuK̄0&
~42!

5
2GFmKFK

2 y

DmK
U13 Im@~B12

dL!21~B12
dR!2#

2F1

2
1

1

3 S mP

md1ms
D 2G Im~B12

dLB12
dR!U. ~43!

Direct CP violation «8 in the decaysK→pp can be ex-
pressed in terms of the decay amplitudesA05A@K
→(pp)0# andA25A@K→(pp)2#, where the indices 0 and
2 denote the isospin of the final two pion state~see Ref.@26#
for a review!:

«852
1

&

v

ReA0
S Im A02

1

v
Im A2Dei f̃, ~44!

where

v5
ReA2

ReA0
, f̃5

p

2
1d22d0 . ~45!

Thed I are the final state interaction phases. When using
~44! to constrain physics beyond the standard model, i
common practice to takev, ReA0, andf̃ from experiment,

v50.045, ReA053.3331027 GeV, f̃'
p

4
, ~46!

and consider new contributions to the imaginary parts of
amplitudesA0 and A2 . This is due to the fact that theCP
violating imaginary parts are dominated by short-distan
effects and can be reliably determined by considering ma
elements of the effective Lagrangian~10!. The hadronic ma-
trix elements can be computed in the largeNc limit of chiral
perturbation theory~see the Appendix!, and one finds the
following neutral current contribution to the real part of th
ratio «8/«K :

ReS «8

«K
D523103wS Im B21

dL1
3

2
Im B21

dRD
11.53103y@~B11

uL2B11
dL!~ Im B21

dL12 ImB21
dR!

2~B11
uR2B11

dR!~2 ImB21
dL1Im B21

dR!#. ~47!

G. Experimental constraints

Experimental limits or results on these processes can
used to constrain the flavor violatingZ8 couplings.6 In the
following we briefly discuss bounds coming fromZ-Z8 mix-
ing contributions to these processes. The pureZ8 contribu-

6Flavor diagonalZ8 couplings can be constrained from fits
electroweak observables@9,10#.
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tions yield a multitude of bounds on products ofZ8 cou-
plings which are less illuminating. In the examples that
discuss in the next section, these contributions are of
same order as the mixing contributions.

As already mentioned, the strongest bound on theZ8-m-e
coupling comes from the non-observation of coherentm-e
conversion by the Sindrum-II Collaboration@24#

w2~ uB12
l L u21uB12

l Ru2!,4310214, ~48!

while the decayst→3e and t→3m yield the strongest
bounds on flavor violatingt couplings

w2~ uB13
l L u21uB13

l Ru2!,231025, w2~ uB23
l L u21uB23

l Ru2!,1025.
~49!

It is interesting to note that these constraints alone ens
that branching ratios for lepton flavor violating meson d
cays are below the experimental bounds, provided that
parametersw andy, given in Eqs.~17! and ~18!, are of the
same order.~This holds in the most interesting case of a Te
scaleZ8 with small mixing,u&1023.! For example, upper
limits on the branching ratios for the processesKL→m6e7

from the BNL E871 Collaboration@31# and KL→p0m6e7

from KTeV @32# yield

y2~ uB12
l L u21uB12

l Ru2!uReB12
dR2ReB12

dLu2,10214, ~50!

y2~ uB12
l L u21uB12

l Ru2!uIm B12
dR1Im B12

dLu2,2310210. ~51!

Hence, the experimental bounds on these processes w
have to be improved by several orders of magnitude to y
interesting constraints on the real and imaginary parts
B12

dR,L. From Eqs.~48!, ~50!, and ~51! it is clear that lepton
flavor violating meson decays cannot compete in constr
ing flavor nondiagonalZ8 couplings, except in the limituwu
!y.

However, lepton flavor conserving meson decays can
used to constrain theZ8 couplings to quarks, e.g., limits o
KL→m1m2 @17# andKL→p0m1m2 @29# give

w2uReB12
dR2ReB12

dLu2,3310211,

w2uIm B12
dR1Im B12

dLu2,5310211. ~52!

The most stringent bounds on the absolute values of
remaining nondiagonalZ8 couplings to quarks then com
from decays ofD0 andB0 into a m1m2 pair @17# and from
the processB0→K0m1m2 @33#:

w2uB12
uR,Lu2,631024,

w2uB13
dR,Lu2,1025,

w2uB23
dR,Lu2,331026. ~53!

The top-quark couplings to aZ8 cannot be constrained from
these tree-level processes. In the future, studies of rare
6-6



g

on

x
sa
e

ro
G
,

in

ru
g
th

on
e
fe

er
q

e
ef

ng
re

d
o

he
ri-

r
al
are
the
are
p-

tal
s.
ns

a-
on

ove
o

a
r-
del;
the

on-
.
ss
e

r
th

FLAVOR CHANGING EFFECTS IN THEORIES WITH A . . . PHYSICAL REVIEW D62 013006
decays@34# and associated top-charm production@35# at the
Tevatron, LHC, and a futuree1e2 linear collider will yield
very useful constraints.

Further, experimental results on meson mass splittin7

allow constraints on the real parts of the squaredZ8 cou-
plings to quarks,

yuRe@~B12
dR,L!2#u,1028, yuRe@~B13

dR,L!2#u,631028,
~54!

yuRe@~B23
dR,L!2#u,231026, yuRe@~B12

uR,L!2#u,1027,
~55!

and CP violation in the Kaon system yields constraints
the imaginary part of theZ8-d-s coupling

yuIm@~B12
dR,L!2#u,8310211, wuIm B12

dR,Lu,1026.
~56!

IV. MODELS

In the following we shall study concrete examples of e
tended Abelian gauge structures with flavor nonuniver
couplings, in order to see where such effects are most lik
to be seen. Although we only discussed bounds coming f
Z-Z8 mixing contributions to FCNC processes in Sec. III
we will also take pureZ8 contributions into account here
since they are of the same order as mixing contributions
the models considered.

First we consider a perturbative heterotic superstr
model, based on the free fermionic construction@15#. Such
models have been studied in detail@16# and it was shown
that they generically contain extended Abelian gauge st
tures and additional matter at the string scale. The runnin
a scalar mass square due to large Yukawa couplings
triggers the radiative breaking of the U(1)8, naturally giving
a Z8 in the TeV mass range.

The Z8 couplings can be calculated and the fermi
chargesQ8 can be found in Table III. In the quark sector, th
first two generations have the same charges, i.e., in the
mion mass eigenstate basis only mixings of the third gen
tion quarks induce flavor changing quark-couplings in E
~7!. Nevertheless, all theBi j

q are nonzero in general. Th
same holds true for right-handed leptons, but all three l
handed lepton generations have differentQ8 charges, which
could give rise to strong flavor violating effects.

To study these FCNCs we have chosen aZ8 mass of 1
TeV and aZ-Z8 mixing angleu51023. The Z8 coupling
strength, predicted from the string model, isg250.105@16#.
Further, we have to specify the unknown fermion mixi
matricesVR,L

c . As an example, we will assume that they a
equal to the CKM matrix.

In the charged lepton sector these couplings then pre
rates for flavor violating processes which are six orders

7The Bs2B̄s mass difference has not been measured yet. We
quired that new contributions be smaller than the lower limit on
mass splitting,DmB

s
0.14.3 ps21 at 95% C.L.@36#.
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magnitude above the experimental limits for coherentm-e
conversion, five orders of magnitude above the limit for t
decaym→3e, and of the same order as the recent expe
mental bound from the MEGA Collaboration@37# for the
radiative decaym→eg. On the other hand, predictions fo
flavor violating t decays are well below the experiment
limits. This is due in part to the fact that these bounds
much less restrictive than for the muon, and in part to
assumed CKM mixing, where the 13 and 23 elements
rather small. Assuming larger mixing of third generation le
tons, as suggested by the atmospheric neutrino data@38#,
would give flavor changing rates close to the experimen
bounds, particularly fort decays into three charged lepton

For processes involving quarks, we obtain contributio
of the same order as SM contributions for theB-B̄ andBs-B̄s
mass differences, and, assuming maximalCP violation, a
contribution to«K which is of the same order as the me
sured value. Predictions for lepton flavor violating mes
decays are well below the experimental bounds.

As we have seen, one obtains flavor violating rates ab
the experimental limits in the lepton sector if the first tw
generations have differentQ8 charges. As an example of
model in which the first two quark families also have diffe
ent charges, we again consider the string motivated mo
however, we set the charges to zero by hand for all of
first generation fermions. Then the rates for coherentm-e
conversion andm→3e are still too large by four and two
orders of magnitude, respectively, and we find the same c
tributions as before to theB-B̄ andBs-B̄s mass differences
In addition, however, we obtain contributions to the ma
splitting in theK and D systems, which are larger than th

e-
e

TABLE III. Fermion charges in theZ8 models motivated from
string theory and from precision electroweak data.

String model EW fit model
Multiplet 100Q8 Multiplet 100Q8

S t
bD

L

271 S t
bD

L

1132

tR 1133 tR 1100
bR 2136 bR 1848

SudD
L

,ScsD
L

168 SudD
L

,ScsD
L

252

uR ,cR 26 uR ,cR 138
dR ,sR 13 dR ,sR 1172

Snt

t D
L

174 Snt

t D
L

224

tR 2130 tR 13

Snm

m D
L

265 Snm

m D
L

232

mR 19 mR 231

Sne

e D
L

2204 Sne

e D
L

232

eR 19 eR 231
6-7
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measured values by two orders of magnitude, and the
dicted rates for lepton flavor violating and conservingKL
decays are well above experimental limits or results. Furt
again assuming maximalCP violation, we have contribu-
tions to «K and Re(«8/«K) which are too large by factors 6
3105 and 20, respectively.

From these examples, we conclude that any TeV scaleZ8
would almost certainly have to have equal couplings to
first two families. However, there is still the possibility o
different couplings for the third family.

As a final example we consider a flavor nonuniversalZ8
that was recently shown to improve the fit to precision el
troweak data@10#. Assuming that the first two fermion gen
erations are flavor universal,8 one can determine theZ8 cou-
plings from the fit. The central values found in Ref.@10# are
reproduced in Table III. Since theZ8 coupling of right-
handed top quarks was not determined we have setQtR

8 51

for definiteness, although this coupling has only very lit
influence on the processes we discussed.

Since in this model the first two lepton generations ha
the sameZ8 couplings, the predicted rates for flavor violatin
m decays are well below the experimental limits. Only f
coherentm-e conversion do we find a predicted rate of t
same order as the experimental limit. However, we obt
contributions to theB-B̄ andBs-B̄s mass differences which
are too large by factors 7 and 40, respectively. Further,
predicted value for«K is larger than the measured value by
factor 20 and there is a contribution to«8 which is of the
same order as the measured one. Finally, the branching r
predicted for lepton flavor conserving decaysKL→p0l 1l 2

and B0→K0l 1l 2 are only two orders of magnitude belo
the experimental bounds, i.e., further experimental prog
on these processes could help to constrain this model. T
even with universal couplings for the first two families, mi
ing with the third family induces significant effects in th
first two families, at least if the fermion mixing matrices fo
the charged leptons and thed-type quarks are comparable
the CKM matrix.

V. CONCLUSIONS

We conclude that additionalZ8 bosons with a TeV scale
mass and family nonuniversal couplings are severely c
strained by experimental results on flavor changing p
cesses. The most stringent bounds come from muon dec
coherentm-e conversion in muonic atoms, and from lepto
flavor conserving processes in the neutralK system, i.e.,
from processes involving the coupling of aZ8 to first and
second generation fermions. Couplings to the third gen
tion are less constrained, but future studies of rare top,
tom andt decays will help to further constrain these mode

If the Z8 couplings are diagonal but family nonunivers
in the gauge eigenstate basis, flavor changing couplings a

8Such models arise for example in the framework ofE6 models, if
discrete symmetries which lead to small neutrino masses are
posed@39#.
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due to fermion mixing. In the examples we assumed t
these unknown mixing matrices are comparable to the C
matrix. If all three families have different couplings we fin
contributions to flavor changing processes involving the fi
two generations which are above experimental bounds
several orders of magnitude. We obtain particularly lar
contributions to coherentm-e conversion, the decaym
→3e, meson mass splittings,KL decays, andCP violation in
the neutralK system.

Since couplings of third generation fermions are mu
less constrained and we assumed that the fermion mix
matrices have a structure similar to the CKM matrix, the
problems can be alleviated by assuming that the first
families, but not the third, have the same U(1)8 charges.
Mixing with the third family still induces flavor changing
effects involving the first two families, but they are su
pressed since in the CKM matrix those mixings are small
the model considered, the new contributions are too large
theB-B̄ andBs-B̄s mass differences, andCP violation in the
neutralK system. The experimental bounds for all other p
cesses are respected.

All of the constraints are model dependent. In addition
theZ8 mass, mixing with theZ, and charges, they are depe
dent on the mixing matrices for the left and right chir
quarks and leptons. In the standard model, the right ch
mixing matrices are unobservable, and only the combi
tions of left chiral matrices in the CKM matrix~6! and its
leptonic analogue are observable. However, all of these
trices are in principle observable in the presence of nonu
versalZ8 couplings. For example, the flavor changing effe
in the B and K systems could be eliminated if the CKM
mixing were due entirely to theu quark sector, i.e.,VCKM

5VL
u , with VL

d5VR
d51. Similarly, m-e conversion and the

decaym→3e would be absent at tree level if all lepton
mixing observable in neutrino oscillations originated in ne
trino ~rather than charged lepton! mixing, i.e., VL

e5VR
e51.

For models in which the first two families have the sam
couplings, these conditions could be relaxed so thatVL,R

d,e mix
the first two families only.

Much stricter bounds on these and similar models, incl
ing models with alternative assumptions concerning the
mion mixings, will be available once rare top decays ha
been studied at the Tevatron, LHC, and a futuree1e2 col-
lider, and more stringent bounds on bottom and tau dec
become available from existingb-factories and planned
charm-t factories. The rare top decays in particular wou
constrain the possibility that quark mixing is restricted to t
u-c-t sector. Improvements in the sensitivity of searches
rare KL and m decays andm-e conversion are also highly
desirable.
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APPENDIX: MATRIX ELEMENTS FOR K\pp

The evaluation of the hadronic matrix elements in t
decay amplitudesA0 and A2 is clearly a nonperturbative
problem. Several methods have been advocated, and it
out that chiral perturbation theory in the largeNc limit, Nc
being the number of colors, offers the best description oK
→pp amplitudes@40,41#.

We will denote the hadronic matrix elements of the o
erators by

^Qqq
sd& I5^~2p! I uQqq

sduK0&, ~A1!

whereI 50,2 denotes the isospin of the two-pion state. Sin
only the pseudoscalar part of the effective Lagrangian c
tributes to theK→pp amplitudes, the matrix elements o
Q̃qq

sd are given by those ofQqq
sd , with an additional minus

sign. Analogous formulas hold for the matrix elements
Oqq

sd and Õqq
sd . In the limit corresponding to the vacuum in

sertion approximation, chiral perturbation theory yields t
following matrix elements:

^Quu
sd&05

1

3 S 2

Nc
21DX, ^Quu

sd&25
&

3 S 11
1

Nc
DX,

~A2!

^Qdd
sd&05

1

3 S 11
1

Nc
DX, ^Qdd

sd&252
&

3 S 11
1

Nc
DX,

~A3!
in

,

B

01300
rns
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e
n-
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e

^Ouu
sd&05

1

3
X2

1

3Nc
Y, ^Ouu

sd&252
&

3
X2

1

3&Nc

Y,

~A4!

^Odd
sd&052

1

3
X1

1

3Nc
S 3

FK

Fp
22DY,

^Odd
sd&25

&

3
X1

1

3&Nc

Y, ~A5!

where

X5A3

2
Fp~mK

2 2mp
2 !S 11

mp
2

Lx
2 D ,

Y52A3

2
FpS mK

2

ms
D 2S 11

mp
2

Lx
2 D , ~A6!

andLx is a parameter in the Lagrangian of chiral perturb
tion theory related to the ratio of thep andK decay constants

~mK
2 2mp

2 !

Lx
2 5

FK

Fp
21. ~A7!
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