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Weak-singlet fermions: Models and constraints
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We employ data from precision electroweak tests and collider searches to derive constraints on the possi-
bility that weak-singlet fermions mix with the ordinary standard model fermions. Our findings are presented
within the context of a theory with weak-singlet partners for all ordinary fermions and theories in which only
third-generation fermions mix with weak singlets. In addition, we indicate how our results can be applied more
widely in theories containing exotic fermions.

PACS number~s!: 12.60.2i, 12.15.Ff, 13.85.Rm, 14.80.2j
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I. INTRODUCTION

The origins of electroweak and flavor symmetry break
remain unknown. The standard model of particle physics
scribes both symmetry breakings in terms of the Higgs
son. Electroweak symmetry breaking occurs when the Hi
boson spontaneously acquires a non-zero vacuum exp
tion value; flavor symmetry breaking is implicit in the no
universal couplings of the Higgs boson to the fermio
However, the gauge hierarchy and triviality problems imp
that the standard model is only an effective field theory, va
below some finite momentum cutoff. The true dynamics
sponsible for the origin of mass must therefore involve ph
ics beyond the standard model. This raises the questio
whether the two symmetry breakings might be driven
different mechanisms. Many theories of non-standard ph
ics invoke separate origins for electroweak and flavor sy
metry breaking, and place flavor physics at higher energ
in order to satisfy constraints from precision electrowe
tests and flavor-changing neutral currents.

In this paper, we explore the possibility that flavor sym
metry breaking and fermion masses may be connected
the presence of weak-singlet fermions mixing with the or
nary standard model fermions. Specifically, we consi
theories in which some of the observed fermions’ mas
arise through a seesaw mechanism that results in the p
ence of two mass eigenstates for each affected flavo
lighter mass eigensate whose left-handed component is
dominantly weak-doublet, and a heavier one that is mo
weak-singlet. Such seesaw mass structures involving e
third-generation fermions@6,7# or all fermions @8# have
played a prominent role in recent work on dynamical sy
metry breaking.

This work uses published experimental data to elicit c
straints on the masses and mixing strengths of the ex
fermions. We both interpret our findings within the conte
of several specific models and indicate where our results
be applied more widely. Our initial approach is to stu
Z-pole and low-energy data for signs that the known ferm
ons include a non-standard, weak-singlet component. Pr

*Email address: markopop@buphy.bu.edu
†Email address: simmons@bu.edu
0556-2821/2000/62~3!/035002~18!/$15.00 62 0350
e-
-
s
ta-

.

d
-
-
of
y
s-
-
s

k

-
ith
-
r
s

es-
a

re-
ly
er

-

-
tic
t
an

-
vi-

ous limits of this type@1–3# have found that the mixing
fraction sin2umix can be at most a few percent for any give
fermion species. As a complementary test we also look
evidence that new heavy fermions with a large weak-sing
component are being pair-produced in high-energy colli
experiments. This can provide a direct lower bound on
mass of the new fermions. Most recent limits on product
of new fermions focus on sequential fermions~LH doublets
and RH singlets!, mirror fermions~RH doublets and LH sin-
glets!, and vector fermions~LH and RH doublets! @4#. These
limits need not apply directly to weak singlet fermions,
their production cross sections and decay paths can d
significantly from those of the other types of fermions.

We take as our benchmark a model@5# in which each
ordinary fermion flavor mixes with a separate weak-sing
fermion; this allows us to consider the diverse phenome
logical consequences of the singlet partners for quarks
leptons of each generation. The low-energy spectrum is c
pletely specified, so that it is possible to calculate branch
ratios and precision effects. Electroweak symmetry break
is caused by a scalar,F, with flavor-symmetric couplings to
the fermions. Flavor symmetry breaking arises from phys
at higher scales that manifests itself at low energies in
form of soft symmetry-breaking mass terms linking ordina
and weak-singlet fermions. The fermions’ chiral symmetr
enforce a Glashow-Iliopoulos-Maiani~GIM! mechanism and
ensure that the flavor structure is preserved under renor
ization. Because of recent interest in using weak singlet
explain the mass of the top quark@6#, we also analyze vari-
ants of our benchmark model in which only the thir
generation fermions have weak-singlet partners. Furth
more, we indicate how our results can be applied to ot
theories with weak-singlet fermions.

Since our benchmark model includes a scalar boson
should be considered as the low-energy effective theory
more complete dynamical model; specifically, at some fin
energy scale, the scalarF, like the Higgs boson of the stan
dard model, would reveal itself to be composite. That m
complete model would be akin to dynamical top sees
models@6–8#, which include composite scalars, formed b
new strong interactions among quarks, and also have top
bottom quarks’ masses created or enhanced by mixing w
weak-singlet states. Those particular top seesaw models
erally have multiple composite scalars when more than
©2000 The American Physical Society02-1
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fermion has a weak-singlet partner; these tend to be hea
than the single scalar in our models. Moreover, in
‘‘flavor-universal’’ versions @8# generation-symmetry
breaking masses for the weak singlet fermions are the so
of the differences between the masses of, say, the up an
quarks; the flavor structure of our models is different. D
spite these differences, most of our phenomenological res
are relevant to the top seesaw models.

In the next section, we review the structure of our ben
mark model, focusing on the masses, mixings, and coupl
of the fermions. Section III discusses our fit to precisi
electroweak data@9# and the resulting general limits on th
mixing angles between ordinary and weak-singlet fermio
We then use the constraints on mixing angles to find low
bounds on the masses of the new heavy fermion eigenst
Section V discusses the new fermions’ decay modes and
tracts lower bounds on the fermion masses from data f
the CERNe1e2 collider LEP II @10,11# and Fermilab Teva-
tron @12,13#. Oblique corrections are discussed in Sec.
and our conclusions are summarized in the final section.

II. THE MODEL

At experimentally accessible energies, the models
consider have the gauge group of the standard mo
SU(3)C3SU(2)W3U(1)Y . The gauge eigenstate fermion
include three generations of ordinary quarks and lepto
which are left-handed weak doublets and right-handed w
singlets

cL5S U

D D
L

, UR , DR U[~u,c,t !, D[~d,s,b!,

LL5S n l

l D
L

, l R l[~e,m,t!. ~2.1!

In our general, benchmark model to each ‘‘ordinary
charged fermion there corresponds a ‘‘primed’’ weak-sing
fermion with the same electric charge1

UL,R8 , DL,R8 , l L,R8 . ~2.2!

We will also discuss the phenomenology of more speciali
models in which only third-generation fermions ha
‘‘primed’’ weak-singlet partners.

The gauge symmetry allows bare mass terms for
weak-singlet fermions

MUŪL8UR81MDD̄L8DR81Ml l̄ L8 l R8 ~2.3!

and we take each of these mass matricesM f to be propor-
tional to the identity matrix.

The model includes a scalar doublet field

1In principle, one could include weak singlet partners for the n
trinos as well. The neutrino phenomenology is largely separate f
the issues treated here and will not be considered in this pape
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F5S F1

F0 D ~2.4!

whose VEV breaks the electroweak symmetry. This sca
has Yukawa couplings that link left-handed ordinary to rig
handed primed fermionic gauge eigenstates

lUc̄LF̃UR81lDc̄LFDR81l l L̄LF l R8 . ~2.5!

The coupling matricesl f are taken to be proportional to th
identity matrix. The mass of the scalar is assumed to
small enough that the scalar’s contributions will prevent u
tarity violation in scattering of longitudinal weak vecto
bosons.

Finally, there are mass terms connecting left-hand
primed and right-handed ordinary fermions

ŪL8mUUR1D̄L8mDDR1 l̄ L8m l l R ~2.6!

which break the fermions’ flavor symmetries. We shall r
quire the flavor-symmetry violation to be small: any massm f
should be no greater than the corresponding massM f . This
allows our model to incorporate the wide range of observ
fermion masses without jeopardizing universality@5#.

As discussed in Ref.@5#, this flavor structure is stable
under renormalization. On the one hand, the flav
symmetry-breaking mass terms~2.6! are dimension-three
and cannot renormalize the flavor-symmetric dimension-f
Yukawa terms~2.5!. On the other, because all dimensio
four terms @including the Yukawa couplings~2.5!# respect
the full set of global chiral symmetries,

SU~3!c
L8 ,U

R8 ,D
R8
3SU~3!U

L8
3SU~3!D

L8
3SU~3!UR

3SU~3!DR
3SU~3!LL ,l

R8
3SU~3! l

L8
3SU~3! l R

~2.7!

they do not mix the mass terms~2.3! and ~2.6! which break
those symmetries differently. Furthermore, the global sy
metries of this model lead to a viable pattern of inte
generational mixing among the fermions. Including theM f
terms~2.3! breaks the flavor symmetries to a form

SU~3!c
L8 ,U8,D83SU~3!UR

3SU~3!DR

3SU~3!LL ,l 83SU~3! l R
~2.8!

nearly identical to that of the standard model with massl
fermions. Once the flavor-symmetry-breaking masses of
~2.6! are added, the quarks’ flavor symmetries are comple
broken, leading to the presence of a Cabibbo-Kobaya
Maskawa-~CKM!-type quark mixing matrix and an assoc
ated GIM mechanism that suppresses flavor-changing ne
currents. The lepton sector retains theU(1)’s corresponding
to conservation of three separate lepton numbers.

The ordinary and primed fermions mix to form ma
eigenstates; for each type of charged fermion (f [U, D, l )
the mass matrix in the gauge basis is of the form

-
m

2-2
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WEAK-SINGLET FERMIONS: MODELS AND CONSTRAINTS PHYSICAL REVIEW D62 035002
~ f̄ f̄ 8!LS 0 vl f

m f M f
D S f

f 8
D

R

. ~2.9!

This is diagonalized by performing separate rotations on
left-handed and right-handed fermion fields. The pheno
enological issues we shall examine will depend almost
clusively on the mixing among the left-handed fermion
Hence, our discussion related to fermion mixing and its
fects will focus on the left-handed fermion fields. For bre
ity, we omit ‘‘left’’ subscripts on the left-handed mixing
angles and fields; we include ‘‘right’’ subscripts in the fe
instances where the right-handed mixings play a role.

To evaluate the degree of mixing among the left-hand
weak-doublet and weak-singlet fields, we diagonalize
mass-squared matrix (M†M ). The rotation angle among left
handed fermions is given by2

sin2f f512
B2

2A212B222AAA21B2

B52vl fM f ~2.10!

A5M f
21m f

22v2l f
2

and the mass-squared eigenvalues are

L f
65

1

2
~M f

21m f
21v2l f

2!

3„16A12~4v2l f
2m f

2!/~M f
21m f

21v2l f
2!2

….

~2.11!

Due to the matrix’s seesaw structure, one mass eigen
( f L) has a relatively small mass, while the mass of the ot
eigenstate (f H) is far larger. The lighter eigenstate, whic
has a left-handed component dominated by the ordin
weak-doublet state,

f L5cosf f f 2sinf f f 8, ~2.12!

corresponds to one of the fermions already observed by
periment. Its mass is approximately given by~for vl f,M f
andm f<M f)

~mf
L!2'

~vl fm f !
2

M f
21~vl f !

21m f
2

. ~2.13!

The heavier eigenstate, whose left-handed componen
largely weak-singlet,

f H5sinf f f 1cosf f f 8 ~2.14!

has a mass of order

~mf
H!2'M f

21~vl f !
21m f

22~mf
L!2. ~2.15!

2To study the rotation angle among right-handed fermions,
diagonalizes (MM†) and obtains analogous results.
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The interactions of the mass eigenstates with the weak ga
bosons differ from those in the standard model because
primed fermions lack weak charge.3 The coupling off L( f H)
to the W boson is proportional to cosff(sinff); the right-
handed states are purely weak-singlet and do not coupl
theW boson. Thus the couplings of left-handed leptons to
W boson look like~since we neglect neutrino mixing!

ie

sinuW
~ l Lgmn̄ l cosf l1 l Hgmn̄ l sinf l !W

m. ~2.16!

When weak-singlet partners exist for all three generations
quarks, the left-handed quarks’ coupling to theW bosons is
of the form

ie

sinuW
~ŪL,ŪH!gmVUDS DL

DHDWm. ~2.17!

The 636 non-unitary matrixVUD is related to the underly-
ing 333 unitary matrixAUD that mixes quarks of differen
generations

VUD5S CUAUDCD 2CUAUDSD

2SUAUDCD SUAUDSD
D ~2.18!

through diagonal matrices of mixing factors

CU[diag~cosfu ,cosfc ,cosf t!,

CD[diag~cosfd ,cosfs ,cosfb!,

SU[diag~sinfu ,sinfc ,sinf t!,

SD[diag~sinfd ,sinfs ,sinfb!.

The unitary mixing matrixAUD , like the CKM matrix in the
standard model, is characterized by three real angles and
CP-violating phase. But it is the elements ofVUD which are
directly accessible to experiment. WhileVUD is non-unitary,
any two columns~or rows! are still orthogonal.

The coupling of left-handed mass-eigenstate fermions
the Z boson is of the form

ie

sinuW cosuW
~ f̄ L, f̄ H!gm

3S cos2f fT32Q sin2uW cosf f sinf fT3

cosf f sinf fT3 sin2f fT32Q sin2uW
D

3S f L

f HDZm ~2.19!

whereT3 andQ are the weak and electromagnetic charges
the ordinary fermion. The right-handed states, being w
singlets, couple to theZ exactly as standard model righ
handed fermions would.

e 3For a general discussion of fermion mixing and gauge coupli
in the presence of exotic fermions, see@1#.
2-3
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TABLE I. Data used in fits to constrain mixing angles: experimentally measured electroweak obser
and their values within the standard model.

Quantity Experiment SM Reference

GZ 2.493960.0024 2.4958 @9#

sh 41.49160.058 41.473 @9#

At(Pt) 0.143160.0045 0.1467 @9#

Ae(Pt) 0.147960.0051 0.1467 @9#

ALR 0.155060.0034 0.1467 @4# ~Ref. 59!
Rb 0.2165660.00074 0.21590 @9#

Rc 0.173560.0044 0.1722 @9#

AFB
b 0.099060.0021 0.1028 @9#

AFB
c 0.070960.0044 0.0734 @9#

Ab 0.86760.035 0.935 @9#

Ac 0.64760.040 0.668 @9#

QW(Cs) 272.416.256.80 273.126.06 @4# ~Refs. 48, 49!
QW(Tl) 2114.861.263.4 2116.76.1 @4# ~Refs. 48, 49!
Re 20.78360.052 20.748 @9#

Rm 20.78960.034 20.748 @9#

Rt 20.76460.045 20.748 @9#

AFB
e 0.015360.0025 0.01613 @9#

AFB
m 0.016460.0013 0.01613 @9#

AFB
t 0.018360.0017 0.01613 @9#

AFB
s 0.11860.018 0.10316.0009 @4#

MW 80.3960.06 80.38 @17#

geV(ne→ne) 20.04160.015 20.03956.0005 @4#

geA(ne→ne) 20.50760.014 20.50646.0002 @4#

gL
2(nN→nX) 0.300960.0028 0.30406.0003 @4#

gR
2(nN→nX) 0.032860.0030 0.0300 @4#

Rp (1.2306.004)31024 (1.23526.0005)31024 @4,18#
Ret (1.3476.0082)3106 1.3433106 @4,19#
Rmt (1.3126.0087)3106 1.3043106 @4,19#
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The scalar bosonF couples to the mass-eigenstate ferm
ons according to the Lagrangian term

l f~ f̄ L, f̄ H! le f tS 2cosf f sinf f ,right cosf f cosf f ,right

2sinf f sinf f ,right sinf f cosf f ,right
D

3S f L

f HD
right

F1H.c. ~2.20!

wheref f ,right is the mixing angle for right-handed fermion
A few notes about neutral-current physics are in ord

Flavor-conserving neutral-current decays of the heavy st
into light ones are possible~e.g., mH→mLnmn̄m). This af-
fects the branching ratios in heavy fermion decays and
be important in discussing searches for the heavy state
Sec. V. Flavor-changing neutral current~FCNC! processes
are absent at the tree level and highly-suppressed at hi
order in the benchmark model, due to the GIM mechan
mentioned earlier. For example, we have evaluated the f
tional shift in the predicted value ofG(b→sg) by adapting
the results in@3#. As we shall see in Secs. III and IV, elec
troweak data already constrain the mixings between ordin
and singlet fermions to be small and the masses of the he
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up-type fermion eigenstates to be large@so that the Wilson
coefficientsc7(mf) that enter the calculation ofG(b→sg)
are all in the high-mass asymptotic regime#. The shift in
G(b→sg) is therefore at most a few percent, which is we
within the 10–30 % uncertainty of the standard model th
retical predictions@14# and experimental observations@15#.

III. GENERAL LIMITS ON MIXING ANGLES

Precision electroweak measurements constrain the de
to which the observed fermions can contain an admixture
weak-singlet exotic fermions. The mixing alters the co
plings of the light fermions to theW andZ from their stan-
dard model values, as discussed above, and the shift in
plings alters the predicted values of many observables. U
the general approach of Ref.@16#, we have calculated how
inclusion of mixing affects the electroweak observab
listed in Table I. The resulting expressions for these lead
~tree-level! alterations are given in the Appendix as functio
of the mixing angles. We then performed a global fit to t
electroweak precision data to constrain the mixing ang
between singlet and ordinary fermions. The experimen
values of the observables used in the fit and their predic
values in the standard model are listed in Table I.
2-4
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To begin, we considered the benchmark scenario~called
case A, hereafter! in which all electrically charged fermion
have weak-singlet partners@5#. All of the electroweak ob-
servables given in Table I receive corrections from ferm
mixings in this case. We performed a global fit for the valu
of the 8 mixing angles of the fermions light enough to
produced at theZ pole: the 3 leptons, 3 down-type quark
and 2 up-type quarks. At 95%~90%! confidence level, we
obtain the following upper bounds on the mixing angles:

sin2fe<0.0024 ~0.0020!, sin2fm<0.0030 ~0.0026!,

sin2ft<0.0030 ~0.0025!

sin2fd<0.015 ~0.013!, sin2fs<0.015 ~0.011!,

sin2fb<0.0025 ~0.0019!

sin2fu<0.013 ~0.011!, sin2fc<0.020 ~0.017!.
~3.1!

The 90% C.L. limits are included to allow comparison wi
the slightly weaker limits resulting from the similar analys
of earlier data in Ref.@2#.

The limits on the mixing angles are correlated to so
degree. For example, most observables that are sensitived
or s quark mixing depend on sin2fd1sin2fs. Indeed, repeat-
ing the global fit using the linear combinations (sin2fd
6sin2fs)/2 yields a slightly stronger limit for the sum
(sin2fd1sin2fs)/2<.0094 and a slightly looser one for th
difference 20.0071,(sin2fd2sin2fs)/2<.0195. This turns
out not to affect our use of the mixing angles to set m
limits in the next section of the paper: limits on thedH and
sH masses arise from the more tightly constrainedb-quark
mixing factor sin2fb instead.

We, similarly, placed limits on the relevant mixing angl
for three scenarios in which only third-generation fermio
have weak-singlet partners. In case B where the top qu
bottom quark and tau lepton have partners, the 12 se
tive observables areGZ , sh , Rb,c,e,m,t , AFB

b,t , Ab , and
Ret,mt . The resulting 95%~90%! confidence level limits on
the bottom and tau mixing angles are

sin2ft<0.0018 ~0.0014!, sin2fb<0.0013 ~0.00084!.
~3.2!

In case C, where only the top and bottom quarks h
partners, the nine affected quantities areGZ , sh ,
Rb,c,e,m,t , AFB

b , andAb . The sole constraint is

sin2fb<0.0013 ~0.00084!. ~3.3!

In case D, where only the tau leptons have partners, only
six quantitiesGZ , sh , Rt , AFB

t , andRet,mt are sensitive,
and the limit on the tau mixing angle is

sin2ft<0.0020 ~0.0016!. ~3.4!

These upper bounds on the mixing angles depend only
which fermions have weak partners, and not on other mo
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specific details. They apply broadly to theories in which t
low-energy spectrum is that of the standard model p
weak-singlet fermions.

IV. FROM MIXING ANGLES TO MASS LIMITS

The constraints on the mixing between the ordinary a
exotic fermions imply specific lower bounds on the mas
of the heavy fermion mass eigenstates~2.15!. We will extract
mass limits from mixing angle limits first in the general ca
@5# in which all charged fermions have singlet partners, a
then in scenarios where only the third generation fermio
do.

A. Case A: All generations mix with singlets

Because the heavy fermion massesmf
H depend onvl f ,

M f , andm f , we must determine the allowed values of a
three of these quantities in order to find lower bounds on
mf

H . For the three fermions of a given type~e.g., e, m, t),
the values ofl f andM f are common. The different values o
mf

L arise from differences among them f , and the form of
Eq. ~2.13! makes it clear that larger values ofm f correspond
to larger values ofmf

L .
How can we ensure that the third-generation fermion

the set gets a large enough mass? If we setm f to the largest
possible value,m f5M f , there is a minimum value ofvl f

required to makemf
L large enough. A smaller value ofm f

would require a still larger value ofvl f to arrive at the same
mf

L . In other words, starting from Eq.~2.13!, and recalling
vl f,M f we find

vl f>A2mf 3
L ~4.1!

where ‘‘f 3’’ denotes the third-generation fermion of th
same type as ‘‘f ’’ ~e.g., if ‘‘ f ’’ is the electron, ‘‘f 3’’ is the
tau lepton!. The specific limits for the three types of charge
fermions are

vl l>2.5 GeV, vlD>6.0 GeV, vlU>247 GeV.
~4.2!

Knowing this allows us to obtain a rough lower bound
the heavy fermion mass eigenstates. Since we requireM f
>vl f and since the smallest possible value ofm f is zero, we
can immediately apply Eq.~4.1! to Eq. ~2.15! and find

~mf
H!2*4~mf 3

2 !2~mf
L!2. ~4.3!

For instance, the mass of the heavy top eigenstate must
least

mt
H*A3mt

L'300 GeV. ~4.4!

We can improve on these lower bounds in the followi
way. Because (mf

H)2 is a monotonically increasing functio
of (vl)2, the minimumvl f , found above, yields the lowes
possible value ofmf

H . Thus, if we know what value ofm f
2-5
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MARKO B. POPOVIC AND ELIZABETH H. SIMMONS PHYSICAL REVIEW D62 035002
should be used self-consistently with the smallestvl f , we
can use Eq.~2.15! to obtain a more stringent lower bound o
mf

H . The appropriate values

m f5M f ~3rd generation! ~4.5!

m f5mf
LA M f

21v2l f
2

v2l f
22~mf

L!2 ~1st or 2nd generation! ~4.6!

follow from our previous discussion and from inverting E
~2.13!, respectively. Becausem f!M f for the first and sec-
ond generation fermions, our previous lower bound onmf

H

for those generations is not appreciably altered. For the t
generation we obtain the more restrictive

~mf
H!2*5~mf 3

L !2 ~4.7!

so that, for example,

mt
H*A5mt

L'390 GeV. ~4.8!

We can do still better by invoking our precision boun
on the mixing angles sinff . Recalling vl f,M f and m f
<M f , allows us to approximate our expression~2.10! for
the mixing angle as

sinf f'
vl fM f

M f
21m f

22v2l f
2 . ~4.9!

Further simplification of this relation depends on the gene
tion to which fermionf belongs. For example, among th
charged leptons,me andmm are far smaller thanMl , while
mt could conceivably be of the same order asMl . Thus the
limits on the leptons’ mixing angles imply

Ml>maxF vl l

2 sinft
,

vl l

sinfm
,

vl l

sinfe
G . ~4.10!

The strongest bound onMl comes from sinfe; that forMD ,
from sinfb ; that for MU , from sinfu :

Ml>
vl l

sinfe
>51 GeV, MU>

vlU

sinfu
>2.2 TeV,

MD>
vlD

2sinfb
>60 GeV. ~4.11!

Combining those stricter lower limits onM f with our
bounds~4.1! on vl f and our expression for the heavy fe
mion mass~2.15! gives us a lower bound on themf

H for each
fermion flavor. For the third generation fermions we use E
~4.5! for the value ofm f and obtain the 95% C.L. lowe
bounds

mt
H>mt

LA114/sin2fe>73 GeV ~4.12!

mt
H>mt

LA114/sin2fu>3.1 TeV ~4.13!

mb
H>mb

LA111/sin2fb>86 GeV. ~4.14!
03500
rd
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For the lighter fermions, we use Eq.~4.6! for the m f . Since
m f!M f in these cases, we find

me
H ,mm

H*mt
LA212/sin2fe>51 GeV ~4.15!

mu
H ,mc

H*mt
LA212/sin2fu>2.2 TeV ~4.16!

md
H ,ms

H*mb
LA211/2sin2fb>61 GeV. ~4.17!

The mass limits for the heavy leptons and down-ty
quarks are also represented graphically in Figs. 1 and 2
Fig. 1, which deals with the leptons, the axes are the flav
universal quantitiesMl and vl l . The shaded region indi
cates the experimentally allowed region of the parame
space. The lower edge of the allowed region is delimited
the lower bound onvl l of Eq. ~4.2!, as represented by th
horizontal dotted line. The left-hand edge of the allowed
gion is demarked by the upper bound on the electron mix
factor, sin2fe, as shown by the dashed curve with that lab
The form of this curve, sin2fe(Ml ,vll)50.0024, was ob-
tained numerically by using Eq.~2.11! for me

L to put the
unknownme in terms ofMl , vl l and the observed mass o
the electron (me

L5.511 MeV) and inserting the result int
Eq. ~2.10!. The curves for the muon and tau mixing angl
were obtained similarly, but provide weaker limits on th
parameter space~as shown by the dashed curves labe
sin2fm , and sin2ft!. The lowest allowed values of the heav
fermion massesme,m

H andmt
H are those whose curves inte

sect the tip of the allowed region; these are shown by
solid curves, obtained numerically by using Eq.~2.11! to
replace the unknownme ,mt by the knownme

L ,mt
L in our

expressions forme
H and mt

H . Figure 2 shows the analogou
limits on the mixing angles and heavy-eigenstate masses
the down-type quarks.

We can also construct a plot of the allowed region ofMU
vs vlU parameter space. The lower edge comes from
lower bound onvlU and the left-hand edge, from the upp
bound on sinfu . We can then use the known value ofmt

L to
calculate the size of the top quark mixing factor sin2ft at any
given point in the allowed region. Numerical evaluation r
veals

sin2f t<0.013 ~0.011! ~4.18!

at 95%~90%! C.L. This is a limit on top quark mixing im-
posed by self-consistency of the model.

In Sec. V, we will compare the mass limits just extract
from precision data with those derived from searches
direct production of new fermions at the LEP II and Tev
tron colliders. The lower bounds on the masses of the he
down-type quarks or charged leptons admit the possibility
those particles’ being produced at current experiments.
heavy up-type quarks are too massive to be even singly
duced at existing colliders.
2-6
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FIG. 1. A graphical represen
tation of the coupling and mas
limits for the eH and tH states in
the Ml vs vl l plane. The shaded
region indicates the experimen
tally allowed region of the param
eter space. The quantities on th
axes are flavor-blind; separat
curves for different lepton flavors
are shown. Each dashed curv
shows the upper bound on sin2fl

for one lepton and excludes the re
gion to its left. Each solid curve
shows the lower bound onml

H for
one lepton@the limits for e andm
are identical, as discussed in th
text and Eq.~4.15!#. The horizon-
tal dotted line indicates the mini
mum allowed value ofvl l ~4.1!.
The lighter curves on the righ
show how a stronger limit onse

2

would tighten the mass bounds.
rt
ld

om

g
B. Cases B, C, and D:
Third-generation fermions mix with singlets

If only third-generation fermions have weak-singlet pa
ners, there are a few differences in the analysis that yie
lower bounds on heavy eigenstate masses. All follow fr
the fact that the lower bounds on theM f @as in Eq.~4.10!#
03500
-
s

can no longer come from precision limits on the mixin
angles of 1st or 2nd generation fermions~since those fermi-
ons no longer mix with weak singlets!.

To obtain the precision bounds on the masses ofbH and
tH, we start by writing the lower limits onMl andMD that
come from the mixing angles:
-

s

n-
-
t
h
er

t.
r

.

FIG. 2. A graphical represen
tation of the mass limits for thedH

and bH states in theMD vs vlD

plane. The shaded region indicate
the experimentally allowed region
of the parameter space. The qua
tities along the axes are flavor
blind; separate curves for differen
quark flavors are shown. Eac
dashed curve shows the upp
bound on sin2fD for one quark
and excludes the region to its lef
Each solid curve shows the lowe
bound onmD

H for one quark@the
limits for d ands are identical, as
discussed in the text and Eq
~4.17!#. The horizontal dotted line
indicates the minimum allowed
value of vlD ~4.1!. The lighter
curves on the right show how a
stronger limit onsb

2 would tighten
the mass bounds.
2-7
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Ml>
vl l

2 sinft
, MD>

vlD

2 sinfb
. ~4.19!

The factor of 2 in the denominator arises because the mix
angles belong to a third-generation fermion~so that m f
5M f). We therefore find

mt
H>mt

LA111/sin2ft ~4.20!

mb
H>mb

LA111/sin2fb. ~4.21!

In case B where all third-generation fermions mix wi
weak-singlet fermions, the mixing angle limits~3.2! based
on the twelve sensitive observables yield 95% C.L. low
bounds

mt
H>42 GeV ~4.22!

mb
H>119 GeV. ~4.23!

In case C, where only third-generation quarks have partn
Eq. ~3.3! which was obtained by a fit to the nine affecte
observables, gives

mb
H>119 GeV ~4.24!

while in case D, where only tau leptons have partners,
~3.4! based on six affected precision electroweak quanti
implies

mt
H>40 GeV. ~4.25!

Compared with the limits in case A, we see that the low
bound onmb

H is strengthened because the precision lim
~3.2!,~3.3! on sin2fb is more stringent. In contrast, the lowe
bound onmt

H is weakened because the bound now depe
on a third-generation instead of a first-generation mix
angle: Eq.~4.20! is approximatelymt

H>mt
L/sinft whereas

Eq. ~4.12! was roughlymt
H>2mt

L/sinfe.
Note that in theories where the top is the only up-ty

quark to have a weak-singlet partner, such as cases B an
the only bound onmt

H comes from Eq.~4.8!. While this is far
weaker than the limit in case A, it still ensures that the hea
top eigenstate is too massive to have been seen in exi
collider experiments, even if singly produced.

V. LIMITS ON DIRECT PRODUCTION
OF SINGLET FERMIONS

While interpreting the general mixing angle limits
terms of mass limits requires specifying an underlying mo
structure, it is also possible to set more general mass lim
by considering searches for direct production of the new
mions. The LEP experiments have published limits on n
sequential charged leptons@10,11#; the Tevatron experiment
have done the same for new quarks@12,13#. In this section,
we adapt the limits to apply to scenarios in which the n
fermions are weak singlets rather than sequential.
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A. Decay rates of heavy fermions

A heavy fermion decays preferentially to a light fermio4

plus a Z, W, or F boson which subsequently decays to
fermion-antifermion pair~see Fig. 3!.5

At the tree-level, and neglecting final state light fermio
masses, we obtain the following partial rates for vector b
son decay modes of the heavy fermions:

G~ f i
H→ f j

LV!5(
k,l

G~ f i
H→ f j

LV→ f j
L f k

L f l
L!

5(
k,l

~ci j
Vckl

V !2

3p328
mf i

HFF S mf i

H

MV
D 2

,
GV

MV
G ~5.1!

whereV represents aZ or W boson, whileGV and MV are,
respectively, the vector boson’s decay rate and mass. F
tion F(x,y) is presented in Appendix B. The vertex facto
ci j

V (ckl
V ) are, as shown in Fig. 3, thef i

H f j
LV ( f k

L f l
LV) cou-

plings which may be read from Eqs.~2.16!–~2.19!.
Our results for the charged-current decay mode agree

those presented in integral form in@21#. Moreover, Eq.~5.1!
yields the standard asymptotic behaviors in the limit
heavy fermion masses far above or far below the electrow
bosons’ masses~see Appendix B!. Since some of our heavy
fermions can, instead, have masses of order 80–90 GeV
use the full result~5.1! in our evaluation of branching frac
tions and search potentials.

Similarly, we find the partial rate for the scalar dec
mode to be

G~ f i
H→ f j

LF!5(
k,l

G~ f i
H→ f j

LF→ f j
L f k

L f l
L!

5(
k,l

~ci j
Fckl

F!2

p3210
mf i

HGF S mf i

H

MF
D 2

,
GF

MF
G ,

~5.2!

4Even where a heavy fermion is kinematically allowed to decay
another heavy fermion, the rate is doubly-suppressed by small m
ing factors (sinff) and, consequentially, negligible.

5In this section we confine our analysis to relatively light scala
with mass below 130 GeV. For heavier scalars one should incl
the scalar decays toW andZ pairs@20# and the resulting 5-fermion
final states of heavy fermion decays. We expect this to yield on
small change in the results of our quark-sector analysis and es
tially no alteration in our results for heavy lepton decays, due to
large kinematic suppression whenmF@ml

H;MW .

FIG. 3. Scalar (F) and weak boson (V[Z or W) decay modes
of a heavy fermion (f H).
2-8
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WEAK-SINGLET FERMIONS: MODELS AND CONSTRAINTS PHYSICAL REVIEW D62 035002
whereGF and MF are the decay rate and the mass of
scalar boson,F. FunctionG(x,y) and additional details are
given in Appendix B. The vertex factorsci j

F (ckl
F) are, as

indicated in Fig. 3, thef i
H f j

LF ( f k
L f l

LF) couplings which may
be read off of Eq.~2.20!.

We have numerically evaluated the couplings of the lig
fermions to the scalar,6 Z, andW as functions of theM f and
the vl f . In the region of the model parameter space tha
allowed by precision electroweak measurements, we
that these couplings are within 1% of their standard mo
values. Therefore, in this section of the paper, we appro
mate theF f f and V f f couplings for the light fermions by
the standard model values. This allows us to express
results for branching fractions and searches in the simpleM f
vs vl f planes for the up, down, and charged-lepton sect
In this approximation, the recent LEP lower bound on t
mass of the Higgs boson@22#, MH>95.3 GeV, applies di-
rectly to the mass of theF scalar in our model:

MF>95.3 GeV. ~5.3!

The branching ratios for the decays of the heavy lept
are effectively flavor-universal, i.e., the same foreH, mH,
andtH. The charged-current decay mode dominates; dec
by Z emission are roughly half as frequent and decays byF
emission contribute negligibly formf

H<MF . In the limit
where the heavy lepton massesml

H are much larger than an
boson mass, the branching ratios for decays toW, Z, andF
approach 60.5%, 30.5%, and 9%, respectively. The bran
ing fractions for heavy lepton decays are shown in Fig. 4
a function of heavy lepton massml

H , with MF fixed at 100

6To evaluate the mixing among right-handed fermions which
pears in the fermion-scalar couplings, we derive a relation an
gous to Eq.~2.10! and apply Eq.~2.13! so that sin2ff, right is written
in terms of known light fermion masses, theM f and thevl f .

FIG. 4. Branching ratios in the heavy lepton sector:B( l H

→ l LX) where X is W, Z, or F. We set vl l52 mt
L and MF

5100 GeV.
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GeV andvl l set equal to 2m3
L . As the branching ratios hav

little dependence on the small mixing factors sinff ~as we
argue in more detail in the following subsection!, they are
also insensitive to the value ofvl f .

The branching fractions for decays of the heavy dow
type quarks display a significant flavor-dependence~see Fig.
5!. Those for thedH and sH are essentially identical an
resemble the branching fractions for the heavy leptons. H
ever, charged-current decays ofbH with a mass less than 25
GeV ~the threshold for decay to an on-shell top and W! are
doubly Cabbibo-suppressed, so that thebH branching ratios
do not resemble those of the other down-type quarks. G
erally speaking, abH of relatively low mass decays almos
exclusively by the processbH→ZbL. FormH

b larger than 255
GeV, the decaybH→tLW dominates and theZ-mode branch-
ing fraction is only about half as large. Ifmb

H is aboveMF

1mb
L but below 255 GeV, the scalar decay mode becom

significant~in agreement with Ref.@23#!. If the scalar mass
lies above 255 GeV, the scalar decay mode is much
important. In the asymptotic regime, wheremD

H is much
greater thanmt or any boson’s mass, the branching ratios
decays toW, Z, andF approach 49%, 25%, and 26%, re
spectively.

B. Heavy leptons at LEP II

The LEP II experiments have searched for evidence
new sequential leptons, working under the assumptions
the new neutral leptonN is heavier than its charged partnerL
and thatL decays only via charged-current mixing with
standard model lepton@i.e., B(L→n lW* )5100%#. Recent
limits from the OPAL experiment atAs5172 GeV@10# and
from the DELPHI experiment atAs5183 GeV@11# each set
a lower bound of order 80 GeV on the mass of a sequen
charged lepton.

-
o-

FIG. 5. Branching ratios in the heavy down-quark sect
B(DH→DLX) whereX is W, Z, or F. Subscripts d, s, and b denot
the heavy quarks’ flavor. We setvlD52 mb

L andMF5100 GeV.
2-9
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To illustrate how the LEP limits may be applied to o
weak-singlet fermions, we review OPAL’s analysis. T
OPAL experiment searched for pair-produced charged
quential leptons undergoing charged-current decay:

e1e2→L1L2→n l n̄ lW
1W2. ~5.4!

Their cuts selected final states in which at least one of
W* bosons decayed hadronically. Events with no isola
lepton were required to have at least 4 jets and substa
missing transverse momentum; those with one or more
lated leptons were required to have at least 3 jets, less
100 GeV of visible energy, and substantial missing tra
verse momentum. The efficiencies for selecting signal eve
were estimated at 20–25% by Monte Carlo simulation. W
1 candidate event in the data set and the expectation
standard model background events, OPAL excluded, at 9
C.L., sequential leptons of mass less than 80.2 GeV, as t
would have contributed least 3 signal events to the data

The heavy leptons in the models we are studying h
different weak quantum numbers than those OPAL sou
This alters both the production rate and the decay path
the leptons. The production rate of thel H should be larger
than that for the sequential leptons. The pure QED contri
tion is the same, as the heavy leptons have standard ele
charges; the weak-electromagnetic interference term is
hanced since the coupling to theZ is roughly sin2uW.0
rather than sin2uW20.5,0 as in the standard model. B
adapting the results of Ref.@24# to include the couplings
appropriate to our model, we have evaluated the produc
cross section for heavy leptons at LEP II. Our results
shown in Fig. 6 as a function of heavy lepton mass for s
eral values ofAs and lepton mixing angle.

FIG. 6. Production cross section for a heavy lepton that
mostly weak-singlet as a function of lepton mass and mix
angles. Each family of curves represents one value ofAs ~solid
5172 GeV, dashed5189 GeV, dotted5192 GeV!. The separate
curves within each family show the effect of changing the value
the small mixing angles~top curve: sin2fl50.1 for all leptons;
middle curve: sin2fl50 for all leptons; bottom curve: sin2fe

50, sin2fm,t50.1).
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On the other hand, the likelihood that our heavy lepto
decay to final states visible to OPAL is less than it would
for heavy sequential leptons. In events where both of
producedl H decay via charged currents, about 90% of t
subsequent~standard! decays of theW bosons lead to the
final states OPAL sought—just as would be true for sequ
tial leptons. But the heavy leptons in our model are not li
ited to charged-current decays. In events where one or b
of the producedl H decay through neutral currents, the res
need not be a final state visible to OPAL. If there is oneW
and oneZ in the intermediate state, about 36% of the eve
should yield final states with sufficient jets, isolated lepto
and missing energy to pass the OPAL cuts. At the ot
extreme, if bothl H decay byF emission, there will be vir-
tually no final states with sufficient missing energy, sinceF

decays mostly tobb̄. The other decay patterns lie in be
tween; for intermediateZZ(FZ, FW) we expect 28%~19%,
30%! of the events to be visible to OPAL. The total fractio
of pair-produced heavy leptons that yield appropriate fi
states is the sum of these various possibilities:

Bdecay50.896~BW!210.280~BZ!212~0.361BW•BZ

10.190BZ•BF10.306BF•BW! ~5.5!

whereBW , BZ , andBF are the heavy lepton branching fra
tions for theW, Z, and scalar decay modes respectively,
calculated in Sec. V A~and shown in Fig. 4!.

In models~cases B and D! where there is only one specie
of heavy lepton (tH), setting a mass limit is straightforward
We note that

sproduction•Bdecay5Nevents/e•L ~5.6!

where, as in OPAL’s analysis, the integrated luminosity
L510.3 pb21, the signal detection efficiency7 is e'20%,
and the number of~unseen! signal events isNevents'3. Thus
an upper bound on the number of signal events implies
upper bound onsproduction•Bdecay. Inserting the branching
fraction for l Hl H pairs to visible final states,Bdecay, as in Eq.
~5.5! yields an upper bound on the production cross sect
Since we have already calculated the cross sec
@sproduction(As5172 GeV)# as a function of heavy lepton
mass, we can convert the bound onsproduction into a a 95%
C.L. lower bound onmt

H :

mt
H.79.8 GeV. ~5.7!

This is a great improvement over the bounds of order
GeV, Eqs.~4.22! and~4.25!, we obtained earlier from preci

7Our use of OPAL’s 20% signal efficiency is conservative. OPA
considered pair-production of sequential leptons that decay
charged currents. About one-tenth of the time, both W’s decay
tonically; thesel l nnnn final states would be rejected by OPAL’
cuts. In considering cases where one or both of our heavy lep
decay via neutral currents, we have not included the analog
l l nnnn events. Thus a higher fraction of the events we did inclu
should pass OPAL’s cuts.
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WEAK-SINGLET FERMIONS: MODELS AND CONSTRAINTS PHYSICAL REVIEW D62 035002
sion electroweak data in cases B and D where the tau is
only lepton to have a weak-singlet partner.

Our new lower bound onmt
H further constrains the al

lowed region of theMl vs vl l parameter space, as illustrate
in Fig. 7. Contours on which the heavy tau mass takes on
valuesmt

H570, 79.8, and 92 GeV are shown as a refere
and to indicate how a tighter mass bound would affect
size of the allowed region.

In case A, wheree, m, andt all have singlet partners, th
contributions from all three heavy leptons to the signal ha
to be taken into account. While theeH andmH have nearly
identical masses and decays, thetH has slightly different
properties. By adding the contributions from all three flavo
of heavy lepton, drawing the contour corresponding
Nevents53 on theMl vs vl l parameter space, and compa
ing this with contours of constantml

H for each species, we
obtain the 95% C.L. lower bounds on all three heavy lep
masses, as shown in Fig. 8

me,m
H .84.9 GeV ~5.8!

mt
H.93.9 GeV. ~5.9!

Note that the bound onmt
H comes simply from internal con

sistency of the model~the values ofvl l and Ml are flavor-
universal!, since it lies above OPAL’s pair-productio
threshold. These bounds are a significant improvement o
those we obtained from precision data, i.e., Eqs.~4.15! and
~4.12!.

While calculating the lower limits on theml
H required us

to assume a value forMF ~to evaluateBdecay), the result is

FIG. 7. Lower bounds on heavy lepton mass in models with
flavor of heavy lepton~cases B and D!. The heavy dashed curv
encloses the region of the plot allowed by the combination of e
troweak and direct search data. The limits on sinft

2 ~dashed lines!
and vl l5mt

LA2 ~dot-dashed line! are as in Fig. 1. Solid lines ar
contours of constant heavy lepton massmt

H ; dotted curves are con
tours of constant numbers of OPAL signal events. The lower bo
on the lepton mass comes from the overlap of the limitingN53
dotted line with themt

H579.8 GeV solid line. In calculating branch
ing fractions, the scalar mass was set to 100 GeV.
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insensitive to the precise value chosen. As noted in Sec. V
in the allowed region of thevl l vs Ml plane, LEP’s lower
bound on the Higgs boson’s mass applies toF so that
min(ml

H)<min(MF). In this case,B( l H→F l L) is negli-
gible.

Our limits are also insensitive to the precise values of
small lepton mixing angles sinfl . The production rate has
little dependence on sinfl because thel Hl HZ coupling~2.19!
is dominated by the ‘‘2Q sin2u’’ term. What little depen-
dence there is on sinfl decreases as 2ml

H approachesAs,
and the mass limits tend to be set quite close to the prod
tion threshold. Moreover, the branching fractions for the v
tor boson decays of thel H have only a weak dependence o
sinfl . Both the charged- and neutral-current decay rates
proportional to sin2fl ~and the rate for decay via Higgs emi
sion is negligible!, so that the mixing angle dependence
the branching ratio comes only through factors of cos2fl
which are nearly equal to 1. As a result, our lower bounds
the heavy fermion masses will stand even if improved el
troweak measurements tighten constraints on the mix
angles.

Because the mass limit tracks the pair-production thre
old, stronger mass limits can be set by data taken at hig
center-of-mass energies. Figure 6 showssproduction as a
function of the heavy lepton mass for several values ofAs
and sin2fl . As data from higher energies provides a ne
more stringent upper bound onsproduction•Bdecay, one can
read an improved lower bound on the heavy lepton m
from Fig. 6.

e

-

d

FIG. 8. Lower bounds on heavy lepton mass in models w
three flavors of heavy lepton~case A!. The heavy dashed curv
encloses the region of the plot allowed by the combination of e
troweak and direct search data. The limits on sin2ft ~dashed lines!
and vl l5mt

LA2 ~dot-dash line! are as in Fig. 1. Solid lines are
contours of constant heavy lepton mass—those forme,m

H are verti-
cal, those formt

H are curved. Dotted lines are contours of consta
number of OPAL signal events; the cusp shows where the p
production threshold fortH is crossed. The mass limit foreH,mH

comes from the overlap of theNevents53 dotted line with the
me,m

H 584.9 GeV solid line; at these values ofvl l andMl , thetH is
above OPAL’s pair-production threshold. In calculating branch
fractions, the scalar mass was set to 100 GeV.
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MARKO B. POPOVIC AND ELIZABETH H. SIMMONS PHYSICAL REVIEW D62 035002
More generally, one can infer a lower mass limit on
heavy mostly-weak-singlet lepton from other models us
the same data by inserting the appropriate factor ofBdecay in
Eq. ~5.6!. For models in which the mixing angles betwe
ordinary and singlet leptons are small and in whichB( l H

→F l L) is small, our results apply directly. This would b
true, for example, of some of the heavy leptons in the flav
universal top seesaw models@8#.

Since the lower bound the LEP II data sets on the mas
the heavy leptons is close to the kinematic threshold for p
production, it seems prudent to investigate whether sin
production

e1e2→ l Hl L ~5.10!

would give a stronger bound. Single production proce
only throughZ exchange~theg f H f L coupling is zero!. More-
over, Eq.~2.19! shows that theZlHl L coupling is suppresse
by a factor of sinfl ; given the existing upper bounds on th
mixing angles~3.1!–~3.4!, the suppression is by a factor of
least 10. As a result, only a fraction of a single-product
event is predicted to have occurred~let alone have been de
tected! in the 10 pb21 of data each LEP detector ha
collected—too little for setting a limit.

C. Heavy quarks at the Tevatron

New quarks decaying via mixing to an ordinary qua
plus a heavy boson would contribute to the dilepton eve
used by the Tevatron experiments to measure the top q
production cross section@12,13#. We will use the results of
the existing top quark analysis and see what additional ph
ics is excluded. If evidence of new heavy fermions emer
in a future experiment, it will be necessary to do a combin
analysis that includes both the top quark and the new fer
ons and that examines multiple decay channels.

Here, we use the dilepton events observed at run I to
limits on direct production of new largely-weak-singl
quarks ~our qH). These new quarks are color triplets a
would be produced with the same cross section as seque
quarks of identical mass. However, their weak-singlet co
ponent would allow the new states to decay via neutral c
rents as well as charged currents. This affects the branc
fraction of the produced quarks into the final states to wh
the experimental search is sensitive.

The DO” and Collider Detector at Fermilab~CDF! experi-
ments searched for top quark events in the reaction

pp̄→QQ̄→qWq̄W→qq̄ln l l 8n l 8 ~5.11!

by selecting the final states with dileptons, missing ener
and at least two jets. Di-electron and di-muon events
which the dilepton invariant mass was close to theZ mass
were rejected in order to reduce Drell-Yan background. T
top quark was assumed to have essentially 100% branc
ratio to an ordinary quark~q! plus aW, as in the standard
model. The DO” ~CDF! experiment observed 5~9! dilepton
events, as compared with 1.460.4 (2.460.5) events ex-
pected from standard model backgrounds and
60.7 (4.460.6) events expected from top quark produ
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tion. Thus, DO” ~CDF! measured the top production cro
section to be 5.561.8 pb (8.223.4

14.4pb).
In using this data to provide limits on the production

heavy quarks in our models, we consider dilepton eve
arising from top quark decays to be part of the backgrou
Hence, from DO” ~CDF!, we have 5~9! dilepton events as
compared with a background of 5.560.8 (6.860.8) events.
At 95% confidence level, this implies an upper limit of 5
~9.6! on the number of additional events that could have b
present due to production and decays of new heavy qua

How manyqH would be produced and seen? TheqH have
the same QCD production cross section as a standard m
quark of the same mass. TheqH can decay by the same rou
as the top quark~5.11!. About 10% of the charged-curren
decays of pair-producedqH would yield final states to which
the Fermilab dilepton searches were sensitive. The neu
current decays of theqH reduce the charged-current branc
ing fractionB(qH→qLW), but will not, themselves, contrib
ute significantly8 to the dilepton sample since dileptons fro
Z decays are specifically rejected and theF couplings toe
andm are extremely small. Then we estimate the fraction
heavy quark pair events that would contribute to the dilep
sample as

Bdecay5Bll ~BW!2 ~5.12!

whereBll is the fraction ofW pairs in which both bosons
decay leptonically andBW[B(qH→qLW) is calculated in
Sec. V A and shown in Fig. 5.

The number of dilepton events expected in a heavy-qu
production experiment with luminosityL and detection effi-
ciency for dilepton eventse is

NqH
5sqH

•L•e•Bdecay. ~5.13!

Similarly in top searches the total number of events is

Nt5s t
•L•e•Bcc•Bll ~5.14!

where Bcc is the fraction of top quark pairs decaying v
charged currents.

In comparing the number of events expected for produ
top quarks with those forqH pairs, the values ofe andL are
the same; furthermore,Bcc of Eq. ~5.14! is essentially 100%.
Therefore we may write

sqH
~BW!25s t

NqH

Nt
. ~5.15!

Using the values which the CDF and DO” experiments have
determined for the three quantities on the right-hand side~cf.
previous discussion!, we find

8A Higgs-like scalar with a mass of order 130–150 GeV cou
have a relatively large branching fraction to twoW bosons@20# .
This might allow some neutral-current decays ofqH to contribute to
the dilepton sample and change our mass bounds slightly.
2-12
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sqH
~BW!2<7.8 pb ~DO” !

<12.0 pb ~CDF!.
~5.16!

The dilepton sample at the Tevatron is sensitive only to
presence of thedH or sH quarks in our models. TheuH, cH,
and tH are, according to Eqs.~4.8!, ~4.13! and ~4.16!, too
heavy to be produced, while thebH decay dominantly by
neutral instead of charged currents, due to Cabibbo supp
sion. Hence, this search tests only the models of case A
which the light ordinary fermions have weak-singlet pa
ners.

Since the pair-production cross section forqH is the same
as that for a heavy ordinary quark, we use the cross-sec
plots of Ref. @25# and our calculated branching fractio
Bdecay ~5.12! to translate Eq.~5.16! into lower bounds on
heavy fermion masses~see Fig. 9!. For case A, in which both
the dH andsH quarks can contribute to the dilepton samp
we find ~with MF5100 GeV)

md
H ,ms

H>153 GeV ~DO” !

>143 GeV ~CDF!

mb
H>171 GeV ~DO” !

>161 GeV ~CDF! ~5.17!

which are significantly stronger than those obtained fr
low-energy data in Sec. IV and also stronger than the p
lished limits on a fourth-generation sequential quark@26#.

FIG. 9. A graphical representation of the Tevatron limits
heavy D quark masses. The region allowed by precision e
troweak tests~cf. Fig. 2! is bounded from above by the dashed li
(sin2fb) and from below by the dot-dashed line (vlD). Dotted lines
represent curves of constantsprod•(BW)2 as in Eq.~5.15!. Solid
vertical ~curved! lines are curves of constantmd,s

H (mb
H); their over-

lap with the dotted lines defines the lower bound on the he
fermion masses. We setMF5100 GeV in calculating branching
fractions.
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Note that since thebH decays almost exclusively via neutra
currents due to Cabibbo suppression of the charged-cur
mode, the lower bound onmb

H is, once again, an indirec
limit implied by internal consistency of the model. In th
scenarios where only third-generation fermions have w
partners~cases B and C!, we can obtain no limit onmb

H .
More generally, one can use the same data to infer

upper limit on the pair-production cross-section for hea
mostly-weak-singlet quarks from other models by insert
the appropriate factor ofBW in Eq. ~5.16!. After taking into
account the number of heavy quarks contributing, one
use the cross section vs mass plots of@25# to determine lower
bounds for the heavy quark masses. For example, our cr
section limits ~5.16! apply directly to the heavy mostly
singlet quarks in the dynamical top-seesaw models that
kinematically unable to decay to scalars and decay prima
by charged currents. The corresponding mass limit depe
on how many such quarks are in the model.

VI. OBLIQUE CORRECTIONS

The presence of new singlet fermions present in our m
els will shift theSandT parameters@27# from their standard
model values. In this section, we evaluate these changes
explore the limits they impose on the fermion masses
couplings and the mass of the scalar,F. This analysis of
one-loop oblique corrections turns out to complement
analysis of tree-level effects on precision data performed
Sec. III: the oblique corrections most strongly limit the to

FIG. 10. Comparing data on oblique corrections to theoret
predictions. Relative to the reference@29# point @mt

5173.9 GeV, mH5300 GeV, a21(MZ)5128.9#, the cross
shows the best experimental fit toS andT; the solid ellipses are a
the corresponding 68%, 90% and 95% confidence levels for
degrees of freedom. The labels on both the solid and dotted elli
indicateDx2 relative to the experimental best-fit point~cross!. The
heavy dotted curve shows how the predicted value ofSandT in the
standard model varies as the scalar massmF is varied by steps of 10
GeV ~see text!; lower masses are to the left. The value ofmF

corresponding to the lowestx2 ~smallest dotted ellipse! is
'80 GeV.

c-

y
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quark mixing angle which the earlier analysis could not
rectly constrain.

In calculating the values ofSandT predicted by our mod-
els, we started from the results of@29#, which cite the experi-
mental values ofS andT relative to the reference point@mt
5173.9 GeV, mH5300 GeV, a21(MZ)5128.9#. We in-
cluded the appropriately weighted variations ofmt anda21

and obtained the minimal combinedx2 field on theS2Sre f
vs T2Tre f plane; we simultaneously obtained the cor
spondingmt(S,T) anda21(S,T) that minimizex2 for each
pair of S and T parameters. The minimal combinedx2 is
presented in Fig. 10; the solid ellipses represent joint 68.
90%, and 95.4% C.L. limits onSandT with variations inmt
and a21 included. Next, within the standard model we a
lowed the Higgs boson mass to vary@28# from 40 GeV to 1
TeV in steps of 10 GeV and obtained the ‘‘best fit Hig
curve’’ shown in Fig. 10; the circled points are at 100, 20
th

ix

es

03500
-

-

,

,

300, 400, and 500 GeV~smaller masses to the left!. The
dotted ellipses in the figure are contours of constant minim
combinedx2 whose intersections with the ‘‘best fit Higg
curve’’ define the best fit value and 68.3%, 90%, and 95.
C.L. limits on the Higgs boson mass. These values are
spectively 80 GeV~in good agreement with@9#!, 190 GeV,
310 GeV, and 400 GeV.

We then added the effects of the extra fermions onS and
T. The contribution of the singlet fermions toS was calcu-
lated numerically using the formalism described in@30#. The
contribution toT was found analytically@31,32# by summing
the vacuum-polarization diagrams containing the heavy
light mass-eigenstate fermions present in the model of in
est. For example, in models containing weak-singlet partn
for only the t andb quarks, we find that the contribution o
the tH, tL, bH, andbL states to theT parameter is~in agree-
ment with @7#!
aT2aTH5
3GF

8p2A2
Fmt

L2
ct

41mb
L2

cb
41mt

H2
st

41mb
H2

sb
4

22mt
L4

ct
2S 2

ct
2

mt
L2 1

cb
2

mt
L2

2mb
L2 2

st
2

mt
L2

2mt
H2 1

sb
2

mt
L2

2mb
H2D ln~mt

L2
!

22mb
L4

cb
2S 1

ct
2

mb
L2

2mt
L2 2

cb
2

mb
L2 1

st
2

mb
L2

2mt
H2 2

sb
2

mb
L2

2mb
H2D ln~mb

L2
!

22mt
H4

st
2S 2

ct
2

mt
H2

2mt
L2 1

cb
2

mt
H2

2mb
L2 2

st
2

mt
H2 1

sb
2

mt
H2

2mb
H2D ln~mt

H2
!

22mb
H4

sb
2S 1

ct
2

mb
H22mt

L2 2
cb

2

mb
H2

2mb
L2 1

st
2

mb
H2

2mt
H2 2

sb
2

mb
H2D ln~mb

H2
!G ~6.1!
rd
ly

i-

rd
in-
whereTH is the Higgs contribution, andcf (sf) is an abbre-
viation for cosff(sinff). To isolate the extra contribution
caused by the presence of the weak-singlet partners fort
andb quarks, we must subtract off the amount whicht andb
contribute in the standard model@32#:

aT2aTH5
3GF

8p2A2
Fmt

L2
1mb

L2
2

2mt
L2

mb
L2

mt
L2

2mb
L2 lnS mt

L2

mb
L2D G .

~6.2!

Note that Eq.~6.1! correctly reduces to~6.2! in the limit
where singlet and ordinary fermions do not m
(sin2ft ,sin2fb→0). From the form of Eq.~6.1!, we see that
experimental bounds on the magnitude ofT will constrain
relatively heavy extra fermions to have small mixing angl
e

.

To illustrate how oblique effects constrain non-standa
fermions, we begin by including a weak-singlet partner on
for the top quark; that is, we send sin2fb→0 in Eq.~6.1!. For
a given scalar massmF , we add to the standard modelSand
T, the additional contribution caused by mixing of an ord
nary and weak-singlet top quark. For theT parameter, this
extra contribution is the difference between expressions~6.1!
and~6.2! with sin2fb50. By construction, forst

2→0 the new
contributions to theSandT parameters both go to zero~i.e.,
dS5dT50). When mixing is present (st

25” 0), one hasdS
,0 anddT.0, and the predicted values ofSandT lie above
the ‘‘best fit Higgs curve.’’

We deem ‘‘allowed’’ the values ofmt
H and sin2ft for

which the final values ofSandT fall inside the dotted ellipse
labeledDx255.25—the 90% C.L. ellipse for the standa
model alone. In other words, we require that the model
2-14
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WEAK-SINGLET FERMIONS: MODELS AND CONSTRAINTS PHYSICAL REVIEW D62 035002
cluding new physics agree with experiment at least as we
the standard model. This allows us to trace out a region
allowed heavy top mass and mixing for different values
mF , as illustrated in Fig. 11. Note that the presence of n
zero mixing of ordinary and singlet top quarks enables
heavier scalar to be consistent with the data.9

As a complementary limit onmt
H and sin2ft , we note that

the discussion in Sec. IV requires

mt
H>mt

LA111/sin2f t. ~6.3!

That is, for a given amount of mixing, the heavy top ma
must lie above some minimum value. Combining these lim
yields the allowed region in the mixing vs mass space in F
11. For example,

For mf5100 GeV, mt
H*1450 GeV

sin2f t&.015 ~6.4!

For mf5350 GeV, mt
H*1040 GeV

sin2f t&.031. ~6.5!

As illustrated in Fig. 11, if the scalar’s mass,MF , rises
above 520 GeV, the regions of top mass and mixing allow
by oblique corrections by Eq.~6.3! cease to intersect; thi
provides an upper bound on the scalar mass.

9For a discussion of related issues for the standard model H
boson see@33#.

FIG. 11. Lower bound on heavy top massmt
H as a function of

heavy top mixing sin2ft . Based on the oblique corrections, fo
mF5100 GeV, the mass and mixing must fall below the so
curve; for mF5350 GeV, they must fall in the band between t
dashed curves; formF5520 GeV, they must lie within the dotte
curve. The additional lower bound onmt

H ~6.3! is represented by the
heavy solid curve; the allowed region is to the right of this cur
leading to the constraints~6.4! and ~6.5!.
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To apply oblique-correction constraints to our models,
need to include weak-singlet partners for quarks other t
the top quark. Since these fermions contribute little toS@27#,
we can illustrate the effects of including other singlet ferm
ons by showing how they affect theT parameter. First, we
include the singlet partner for theb quark, as in Eq.~6.1!.
We can interpret the result using Fig. 12, which shows
value ofT within the coupling-mass plane for the up-sect
quarks. For reference, dotted nearly-vertical curves of c
stant heavy top massmt

H are shown. The main contents o
the figure are the three sets of curves labeleddT
5@0.3,0.1,0#, wheredT is the contribution due to mixing
between ordinary and singlet fermions. Within each set,
separate curves correspond to different values of the hea
mass and mixing. The solid curve obtains formb

H55 TeV
and sin2fb50.00090; the dashed curve, formb

H55 TeV and
sin2fb50.00040; the dotted curve, formb

H50.55 TeV and
sin2fb50.00027. Looking at the region wheremt

H is of order
a few TeV, we see that the influence of theb-quark is small.
Including the effects of partners for the other fermions yie
a generalized version of Eq.~6.1! and similar results. Thus
the lower bounds onmt

H we found earlier by considering
only mixing for the top quark will not be much altered b
including mixing for the other quarks, as in our models A,
and C.

VII. CONCLUSIONS

Precision electroweak data constrain the mixing betw
the ordinary standard model fermions and new weak-sin
states to be small; our global fit to current data provid

gs

,

FIG. 12. The effect of b-quark mixing onT. Contours of con-
stantdT are shown in the up-sectorMU vs vlU parameter space
Three representative values (dT50,0.1,0.3) are shown for severa
values of heavy b-quark mass and mixing. Solid curves corresp
to mb

H55 TeV and sin2fb50.00090 ~equivalently, MD

55 TeV, vlD5150 GeV). Dashed curves aremb
H55 TeV and

sin2fb50.00040 (MD55 TeV, vlD5100 GeV). Dotted curves
are for mb

H50.55 TeV and sin2fb50.00027 (MD50.5 TeV, vlD

510 GeV). The nearly vertical dotted curves of constantmt
H are

shown for reference.
2-15
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MARKO B. POPOVIC AND ELIZABETH H. SIMMONS PHYSICAL REVIEW D62 035002
upper bounds on those mixing angles. Even when the mix
angles are small, it is possible for most of the exotic m
eigenstates which are largely weak-singlets to be li
enough to be accessible to collider searches for new fe
ons. We have analyzed in detail a class of models in wh
flavor-symmetry breaking is conveyed to the ordinary ferm
ons by soft symmetry-breaking mass terms connecting th
to new weak-singlet fermions; such models have a nat
GIM mechanism and a flavor structure that is stable un
renormalization. By calculating the branching rates for
decays of the heavy mass-eigenstates~which are significantly
influenced by their being primarily weak-singlet in natur!
we have been able to adapt results from searches for
sequential fermions to further constrain our models. We fi
that direct searches at LEP II now imply that the heavy l
tons l H must have masses in excess of 80–90 GeV; th
limits are not sensitive to the precise values of the sm
mixing angles. Current Tevatron data indicates that he
quark statesdH andsH could be as light as about 140–15
GeV, while the mostly-weak-singletbH must weigh at leas
160–170 GeV. In addition, the new fermions’ contributio
to the oblique corrections allow the scalarF to have a rela-
tively large mass~up to about 500 GeV! while remaining
consistent with the data. Oblique corrections also const
the mixing and mass of the the heavy top state which
mostly weak-singlet; in particular,mt

H must be at least 1
TeV. Finally, we have indicated how our phenomenologi
results may be generalized to related models, including
dynamical top-seesaw theories.
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APPENDIX A: MIXING EFFECTS ON ELECTROWEAK
OBSERVABLES

This appendix contains the expressions for the lead
order~in mixing angles! changes to electroweak observab
in the presence of fermion mixing. The expressions w
derived using Eqs.~2.16!–~2.19! and the general approach o
Ref. @16#.

DGZ /GZ
SM50.603~sin2fe1sin2fm!20.072sin2ft

20.3535~sin2fd1sin2fs1sin2fb!

20.287~sin2fu1sin2fc! ~A1!
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Dsh /sh
SM521.409sin2fe10.736sin2fm

10.072sin2ft20.1515~sin2fd1sin2fs

1sin2fb!20.124~sin2fu1sin2fc! ~A2!

DAt~Pt!5DAe~Pt!5DALR520.5180sin2fe

11.2870sin2fm ~A3!

DRb /Rb
SM520.0295~sin2fe1sin2fm!

10.505~sin2fd1sin2fs!21.78sin2fb

10.411~sin2fu1sin2fc! ~A4!

DRc /Rc
SM50.0605~sin2fe1sin2fm!10.505~sin2fd

1sin2fs1sin2fb!10.411sin2fu

21.999sin2fc ~A5!

DAFB
b 520.3300sin2fe10.8500sin2fm

20.0161sin2fb ~A6!

DAFB
c 520.1785sin2fe10.6665sin2fm

20.0875sin2fc ~A7!

DAb50.1052~sin2fe1sin2fm!20.1472sin2fb
~A8!

DAc50.5719~sin2fe1sin2fm!20.7997sin2fc
~A9!

DQW~Cs!572.7663sin2fe20.7239sin2fm

1211.0024sin2fd2187.9988sin2fu

~A10!

DQW~Tl !5111.396sin2fe24.920sin2fm

1327sin2fd2285sin2fu ~A11!

DRe /Re
SM52.275sin2fe10.130sin2fm

20.505~sin2fd1sin2fs1sin2fb!

20.411~sin2fu1sin2fc! ~A12!

DRm /Rm
SM50.130sin2fe12.275sin2fm

20.505~sin2fd1sin2fs1sin2fb!

20.411~sin2fu1sin2fc! ~A13!

DRt /Rt
SM50.130~sin2fe1sin2fm!12.145sin2ft

20.505~sin2fd1sin2fs1sin2fb!

20.411~sin2fu1sin2fc! ~A14!

DAFB
e 520.1230sin2fe10.3070sin2fm

~A15!
2-16
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DAFB
m 50.0920~sin2fe1sin2fm! ~A16!

DAFB
t 50.0920sin2fe10.3070sin2fm

20.2150sin2ft ~A17!

DAFB
s 520.3300sin2fe10.8500sin2fm

20.0161sin2fs ~A18!

DMW /MW
SM50.1065~sin2fe1sin2fm! ~A19!

DgeV~ne→ne!50.1720sin2fe20.3650sin2fm ~A20!

DgeA~ne→ne!50.5000sin2fe20.5060sin2fm
~A21!

DgL
2~nN→nX!50.1220sin2fe10.7260sin2fm

20.4280sin2fd20.3445sin2fu

~A22!

DgR
2~nN→nX!520.0425sin2fe10.0179sin2fm

~A23!

DRp /Rp
SM52sin2fe1sin2fm ,

where Rp[
G~p→en̄e!

G~p→mn̄m!
~A24!

DRet /Ret
SM5sin2fm2sin2ft ,

where Ret[
G~t→en̄ent!

G~m→en̄enm!
~A25!

DRmt /Rmt
SM5sin2fe2sin2ft ,

where Rmt[
G~t→mn̄mnt!

G~m→en̄enm!
. ~A26!

APPENDIX B: DETAILS OF HEAVY FERMION DECAYS

This appendix contains details relevant to the heavy
mion decays discussed in Sec. V A.

At the tree-level and neglecting final-state light fermi
masses, the kinematic factors F~x,y! and G~x,y! referred to in
the text have the following form:

F~x,y!5
1

x2 $2x~22x!1@3~x21!1y2#A~x,y!

1@~x21!2~x12!13y2~x22!#B~x,y!%
~B1!
D

03500
r-

G~x,y!5
1

x2 $x~4x23!1@x~42x!231y2#A~x,y!

12@~x21!21y2~2x23!#B~x,y!% ~B2!

whereA andB are given by

A~x,y!5 lnF12
x~x22!

~x21!21y2G ~B3!

B~x,y!5
1

y F tan21S 1

yD2tan21S 12x

y D G . ~B4!

To check our general expressions for the decay rates,
evaluated their behavior in the limiting cases where the
caying heavy fermion is either much more massive or mu
less massive than the vector or scalar boson involved in
decay. Equations~5.1! and ~B1! for vector-boson decays
yield asymptotic behavior

G~ f i
H→ f j

LV! →
mf i

H
@MV

~ci j
V !2

32p

mf i

H3

MV
2 S 12

MV
2

mf i

H2D 2S 112
MV

2

mf i

H2D
~B5!

G~ f i
H→ f j

LV→ f j
L f k

L f l
L!

→
mf i

H
!MV

~ci j
Vckl

V !2

3p329

mf i

H5

MV
4 S 11

3

5

mf i

H2

MV
2

1
2

5

mf i

H4

MV
4

1
2

7

mf i

H6

MV
6

1••• D ~B6!

whereV may be eitherZ or W. Equations~5.2! and~B2! for
scalar-boson decays yield

G~ f i
H→ f j

LF! →
mf i

H
@MF

~ci j
H!2

32p

mf i
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MF
2 S 12

MF
2

mf i

H2D 2

~B7!

G~ f i
H→ f j

LF→ f j
L f k

L f l
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→
mf i

H
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