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Leptophobic U„1…’s and the Rb-Rc anomalies
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In this paper, we investigate the possibility of explaining both theRb excess and theRc deficit reported by
the CERN LEP experiments throughZ-Z8 mixing effects. We have constructed a set of models consistent wi
a restrictive set of principles: unification of the standard model~SM! gauge couplings, vector-like additional
matter, and couplings which are both generation independent and leptophobic. These models are anomal
perturbative up to the GUT scale, and contain realistic mass spectra. Out of this class of models, we find
explicit realizations which fit the LEP data to a far better extent than the unmodified SM or MSSM and sat
all other phenomenological constraints which we have investigated. One realization, theh model coming from
E6, is particularly attractive, arising naturally from geometrical compactifications of heterotic string theo
This conclusion depends crucially on the inclusion of a U~1! kinetic mixing term, whose value is correctly
predicted by renormalization group running in the E6 model given one discrete choice of spectra.
@S0556-2821~96!03817-9#
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I. INTRODUCTION AND PRINCIPLES

During the past six years the four experiments at LE
have provided an abundance of data supporting the stand
model ~SM! of particle physics and its SU~3!c3SU~2!L
3U~1!Y gauge group structure. Until recently there has be
no significant deviation pointing to new sources of physi
beyond the SM. However, within the last two years there h
been growing evidence that a discrepancy exists between
predicted and measured widths for theb- andc-quark decays
of theZ boson. In particular, the CERNe1e2 collider LEP
has reported measurements of@1#

Rb

Rc
J [

G~Z→b̄b/ c̄c!

G~Z→hadrons!
5 H0.221960.0017,

0.154360.0074. ~1!

These values differ from the SM predictions
Rb50.215260.0005 and Rc50.171460.0001 @2# @for
mt5~176613! GeV @3# andas50.12560.010#, by 3.9s and
22.3s, respectively.

If one is willing to accept theRc discrepancy as statistical
then there are many new sources of physics which can se
to resolve theRb measurement by only changing the cou
plings of the third-generation fermions. Such a method
naturally provided by low-energy supersymmetry~SUSY!
with light charginos and top squarks@4# or by additional
fermions mixing with, or additional interactions of, theb and
t quarks @5#. However, if one interprets theRc deficit as
another signal of new physics, then the scenarios for n
physics are more limited@6#.

A potential hurdle which one must face with respect
simultaneously explaining theRb excess and theRc deficit is
that the LEP measurement for the total hadronic width of t
Z is in good agreement with the SM predictio
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@Ghad5~1744.863.0! MeV at LEP versusGhad5~1743.563.1!
MeV in the SM#, while the sumRb1Rc is in slight disagree-
ment with the SM prediction. That is,Rb1Rc
50.376260.0070 as measured at LEP~with the error corre-
lations properly included! versus a theoretical expectation of
0.386660.0005, 1.5s apart.

A clue to solving this conundrum may lie in a simple
observation. DefiningDGi as the difference between the ex-
perimental and the theoretical determinations ofGi , one
notes that

3DGb12DGc5~223.2624.3! MeV, ~2!

so that at the 1s level a consistent interpretation of the data
is given by assuming a flavor-dependent but generatio
independentshift in the hadronicZ couplings. That is,

Gu,c5Gu,c
SM1DGc ,

Gd,s,b5Gd,s,b
SM 1DGb . ~3!

Such a pattern of shifts has also been suggested in@7–9#.
A second hurdle in explaining theRb andRc puzzles is

that unlike the partial hadronic widths of theZ, the well-
measured partial leptonic widths are in good agreement w
the SM predictions: Ge583.9360.14 MeV and
Ginv5499.962.5 MeV, which are within 0.4s and 20.4s,
respectively, of theory. Any source of new physics must pre
serve the successful predictions of the SM for the lepton
widths.

In this paper we propose to explain theRb-Rc problem by
introducing an additional U~1!8 gauge symmetry. If this new
U~1!8 is broken near the electroweak scale, there can be s
nificant mixing between the usualZ and the newZ8. The
physicalZ boson as produced at LEP will then have its cou
plings to fermions altered by an amount proportional to th
Z-Z8 mixing angle times theZ8 coupling to those same fer-
mions.

Analyses have recently appeared in the literature@8,9#
that seek to fit the LEP data by introducing such an add
4635 © 1996 The American Physical Society
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tional U~1!8. Both of these works make a phenomenologic
fit to the data, introducing some number of new paramete
such as arbitrary U~1!8 charge ratios,Z-Z8 mixing angle, and
Z8 mass. These analyses do indicate that this class of s
narios has the potential to solve theRb-Rc discrepancy and
are therefore interesting. However, they share some fun
mental problems associated with the lack of an underlyin
consistent framework. For example, the extra U~1!8 is not
anomaly free„this is true both for the@U~1!8#3 and, most
seriously, the mixed SM-U~1!8 anomalies…. Further, since the
authors of@8,9# also seek to explain the Collider Detector a
Fermilab~CDF! dijet excess, they are forced to take a hig
value of theZ8 mass. For suchZ8 masses, the U~1!8 cou-
plings have to be so large that the U~1!8 gauge coupling
becomes nonperturbative at most a decade above theZ8 mass
scale; implicit in this is that theZ8 width in these models
equals or even exceeds theZ8 mass.

Here we will take a different approach. We set forth a fe
basic principles which we believe any attractiveZ8 model
should obey. Within this framework we will find that ther
exist only limited classes of U~1!8 models which are phe-
nomenologically viable and theoretically consistent. Ea
class has a well-defined prediction for the U~1!8 charges of
the SM fermions, reducing much of the arbitrariness in t
couplings. We will not attempt to explain the CDF dije
anomaly.

The principles that we demand are the following.
~i! The low-energy spectrum must be consistent with t

unification of the standard model gauge couplings that o
curs in the minimal supersymmetric standard mod
~MSSM!. This will lead us to consider models which ar
extensions of the MSSM, with any non-MSSM matter add
in particular combinations which can be thought of as fillin
complete multiplets of SU~5!. We allow the possibility of
unification within a string framework and do not require th
presence of a field theoretic grand unified theory~GUT!.

~ii ! All non-MSSM matter must fall into vectorlike repre-
sentations under the SM gauge groups. Such a requireme
consistent with the absence of experimental evidence for n
fermions with masses below the top quark mass. Furth
note that additionalchiral matter is disfavored by the elec
troweak precision measurements, since, in contrast to vec
like matter, it can give very large contributions to theS, T,
andU parameters.

~iii ! The U~1!8 charges of the SM leptons must be~to a
good approximation! zero. This requirement ofleptophobia
is motivated by the phenomenology. This alone will elim
nate the U~1! factors associated with most traditional GU
groups, since GUT’s tend to place leptons and quarks i
common multiplets.

~iv! Consistent with Eq.~3!, we require that the U~1!8
couplings be generation independent. This requiremen
useful if tree-level hadronic flavor-changing neutral curre
processes mediated by the U~1!8 gauge boson are to be natu
rally suppressed. This also has the advantage of simplic
and economy.

To be precise, the principle of unification that we wi
impose requires that the meeting of the SM couplings
231016 GeV is not a coincidence. For simplicity we will no
explicitly consider in this article the various string mode
where the scale of unification is increased to the~weak-
al
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coupling prediction of the! string unification scale
M str

1 loop;531017 GeV, such as those discussed in@10#, al-
though it will be clear that the consequences for our discu
sion of such a modification are slight.~Note that one inter-
esting possibility that could maintain unification at 231016

GeV is the strongly coupled string scenario recently pro
posed by Witten@11#.!

If one takes the unification of gauge couplings to imply
the existence of a simple GUT gauge group, then the natu
candidates with extra U~1!’s and three chiral families are
SO~10! and E6. However, the single additional U~1! within
SO~10! is not leptophobic. In E6 all linear combinations of
the two additional U~1!’s orthogonal to hypercharge couple
to leptons. Nonetheless, we will show that by including a
effect usually overlooked in the literature@U~1! mixing in the
kinetic terms through renormalization group flow@12,13##
there exists a unique U~1!8 in the E6 group which is compat-
ible with the data. The E6 subgroup in question is usually
known in the literature as theh model and interestingly is the
unique model which results from E6 Wilson-line breaking
directly to a rank-5 subgroup in a string context@14#. We
will discuss this case in some detail in Sec. IV.

Finally, although we assume the MSSM for the purpose
of gauge-coupling unification, we do not use MSSM loop
contributions to theZb̄b vertex in order to explain any part
of the Rb anomaly. In particular we do not assume ligh
charginos or top squarks which are the necessary ingredie
for such a scenario@4#.

II. Z-Z8 MIXING

We begin with a brief general discussion ofZ-Z8 mixing
in the context of an SU~2!L3U~1!Y3U~1!8 model. A more
detailed discussion can be found, for example, in Refs.@15,
16#. The neutral current Lagrangian of theZ andZ8 is given
by

LNC5
1

2 (
i

c̄ ig
mS g2cW ~v i1aig

5!Zm

1g8~v i81ai8g
5!Zm8 Dc i , ~4!

where

v i5T3i22QisW
2 , ai52T3i ~5!

are the SM vector and axial vector couplings of theZ, and
v8,a8 are the~unknown! vector and axial vector couplings of
theZ8. Hereg8 is the coupling constant of the new U~1!8 and
sW
2 [sin2 uW .
After electroweak and U~1!8 breaking, theZ andZ8 gauge

bosons mix to form the mass eigenstatesZ1,2, where we will
identify theZ1 with the gauge boson produced at LEP:

Z15cosjZ1sin jZ8,

Z252sin jZ1cosjZ8. ~6!

Since such mixing must necessarily be small in order to e
plain the general agreement between LEP results and
SM, we will throughout this paper use the approximatio
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Z1.Z1jZ8. We will also assume that the mass of theZ2 is
large enough so that its effects at LEP, either via direct p
duction or loop effects, can be ignored. Therefore all ne
physics effects must appear through the mixing anglej. The
relevant Lagrangian probed at LEP will then be

LZ15
g2
2cW

(
i

c̄ ig
m~ v̄ i1āig

5!Z1mc i , ~7!

where, for smallj,

v̄ i.v i1 j̄v i8 ,

āi.ai1 j̄ai8 , ~8!

and we have defined the auxiliary quantity

j̄[~g8cW /g2!j. ~9!

Because theZ1 is no longer purely the electroweakZ, the
r parameter

r21[4&GF@P11~0!2P33~0!# ~10!

receives a tree-level correction.@HerePi i ~0! are the SU~2!L
vacuum polarization amplitudes at zero momentum transfe#
If we define the corrections tor by

r[11DrSM1Dr̄, ~11!

whereDrSM is due to loop corrections already present in th
SM ~such as the top quark!, then the mixing with theZ8
contributes toDr̄. Since we will later be interested in taking
into account the effects of further shifts inr due to the rest of
the MSSM spectrum, we decomposeDr̄5DrM1Drextra,
whereDrM is the part due to mixing with theZ8. The value
of Dr̄ is the quantity that our fits to the LEP data will di
rectly constrain. Writing theZ-Z8 mass matrix as

MZ,Z8
2

5S mZ
2 Dm2

Dm2 MZ8
2 D , ~12!

then forMZ8
2

@mZ
2,Dm2, one finds that the shift inr due to

mixing, DrM , is given by

DrM.j2SmZ2
2

mZ1
2 D .j2S MZ8

2

mZ
2 D , ~13!

where

j.2
Dm2

MZ8
2 . ~14!

There is also a corresponding shift insW
2 :

sW
2 5sW

2 uj502
sW
2 cW

2

cW
2 2sW

2 DrM . ~15!

In terms of the above parameters, one can then calculate
Z1 partial width to fermions:
ro-
w

r.

e

-

the

G~Z1→ f̄ f !5
GFmZ1

3

6&p
rNc~ v̄ f

21āf
2!. ~16!

A further relation may be obtained by examining the spe
cific form of the terms that come into Eq.~12!. If we assume
that the fieldsfi which receive vacuum expectation values
~VEV’s! occur only in doublets or singlets of SU~2!L , then

mZ
25

2g2
2

cW
2 (

i
^T3if i&

25
g2
2

2cW
2 vZ

2,

MZ8
2

52g82(
i

^Qi8f i&
2,

Dm25
2g2g8

cW
(
i

^T3if i&^Qi8f i&, ~17!

whereQi8 is the U~1!8 charge offi andv Z
2 is the sum of the

VEV’s of the SU~2!L doublets. Then we may writeDrM as a

simple function ofj̄:

DrM.2S g2
g8cW

D S Dm2

mZ
2 D j̄52

4j̄

vZ
2 (

i
^T3if i&^Qi8f i&.

~18!

What is noteworthy about this relationship is that it is con
nects the two quantities~DrM and j̄!, which are experimen-
tally constrained at LEP~up toDrextra, which we can bound!,
in a way that is independent of the unknown gauge couplin
g8 and theZ8 mass. Note thatDm2 and j̄ in Eq. ~18! have
opposite signs, so thatDrM is always positive.

A. U„1…a3U„1…b mixing and renormalization group equations

The discussion so far has echoed the conventional w
dom on the subject ofZ-Z8 mixing. However, it was realized
many years ago@12# that in a theory with two U~1! factors,
there can appear in the Lagrangian a term consistent with
gauge symmetries which mixes the two U~1!’s. In the basis
in which the interaction terms have the canonical form, th
pure gauge part of the Lagrangian for an arbitrar
U~1!a3U~1!b theory can be written

L52
1

4
F ~a!

mnF ~a!mn2
1

4
F ~b!

mnF ~b!mn2
sin x

2
F ~a!

mnF ~b!mn

1Dm2A~a!mA~b!
m 1

1

2
ma
2A~a!mA~a!

m 1
1

2
mb
2A~b!mA~b!

m .

~19!

If both U~1!’s arise from the breaking of some simple group
G→U~1!a3U~1!b , then sinx50 at the tree level. However,
if the matter of the effective low-energy supersymmetri
theory is such that

(
i5chiral fields

~Qa
i Qb

i !Þ0, ~20!

then nonzerox will be generated at one loop. This is natu-
rally the case when split multiplets of the original non
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Abelian gauge symmetry, such as the Higgs doublets in
grand unified theory, are present in the effective theo
Since we are interested in a large separation of scales,MGUT
andMZ , we will need to resum the large logarithms tha
appear@13,17# using the renormalization group equation
~RGE’s! for the evolution of the gauge couplings includin
the off-diagonal terms.

Once a nonzerox ~or Dm2! has been induced, one need
to transform to the mass eigenstate basis. To do so, one m
perform a~nonunitary! transformation on the original gauge
fieldsA(a) andA(b) to arrive at the mass eigenstatesZ1,2:

A~a!5~cosj2tanx sinj!Z12~sinj1tanx cosj!Z2 ,

A~b!5~sinjZ11cosjZ2!/cosx, ~21!

where

tan 2j5
22 cosx~Dm22ma

2sinx!

mb
22ma

2cos2x12Dm2sinx
. ~22!

This transformation results in a shift in the effective charg
to which one of the original U~1!’s couples.@One U~1! can
always be chosen to have unshifted charges.# This can be
seen by taking thej50 limit of the above transformation.
The resulting interaction Lagragian is then of the form@12#

Lint5c̄gm@gaQaZ1m1~gbQb1gabQa!Z2m#c, ~23!

where the redefined gauge couplings are related to the or
nal couplings g0 by ga5g a

0, gb5g b
0/cosx, and

gab52g a
0tanx. The ratiod[gab/gb is a phenomenologically

useful parameter, representing the shift in theZ2-fermion
coupling due to kinetic mixing.

The renormalization group equations for the couplin
constant flow of a U~1!a3U~1!b theory, including off-
diagonal mixing, are most usefully formulated in the basis
Eq. ~23!. In this basis the equations for the couplingsga , gb ,
andgab are

dga
dt

5
1

16p2 ga
3Baa ,

dgb
dt

5
1

16p2 gb~gb
2Bbb1gab

2 Baa12gbgabBab!,

dgab
dt

5
1

16p2 ~gb
2gabBbb1gab

3 Baa12ga
2gabBaa

12ga
2gbBab12gbgab

2 Bab!, ~24!

whereBi j5tr(QiQj ) with the trace taken over all the chira
superfields in the effective theory, and there is no sum o
(a,b) in Eq. ~24!. From these equations we immediately se
that even ifgab50 to begin with, a nonzero value of the
off-diagonal coupling is generated if the inner-produ
tr(QiQj ) between the two charges is nonzero. The advanta
of this basis for the RGE’s is that the low-energy value of th
parameterd is given directly by the ratiogab/gb evaluated at
the low scale.~This is not the case for the more symmetric
form of the RGE’s given in Ref.@13#.!
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For the case at hand, we will choose the couplings of th
usual Zm to be canonical, shifting the charge of theZm8 .
Since it is theBm component ofZm which mixes through the
kinetic terms, the couplings of theZ8 to matter fields can be
expressed in terms of an effective U~1!8 charge
Qeff5Q81Yd, whereY is the hypercharge. We can translate
from Eq. ~23! using ga5g2/cW and gb5g8 so that
gab52g2 tanuW tanx andd5gab/gb . The vector and axial
vector couplings that come into Eq.~8! are given by

v85Qeff~c!2Qeff~cc!,

a852Qeff~c!2Qeff~cc!. ~25!

Note that bothc and cc are left-handed chiral fields:
Qeff~c

c!52Qeff~cR!.
In most of the models we will consider, we will work

directly withQeff ; in such models, whether or notQeff can be
expressed as someQ81Yd for nonzerod will not have an
effect on the analysis. However, when considering theh
model coming from E6, the difference betweenQeff andQh
will have important consequences on the observable physi
We reserve further comment on the U~1! mixing in the E6
model until Sec. IV.

Kinetic mixing of U~1!’s will also shift ther parameter.
In the previous subsection we had assumed that we cou
write the electroweakZ in terms of the mass eigenstates a
Z5cosjZ12sin jZ2. However, in the presence of a nonzero
x ~or d!, this is changed to@see Eq.~21!, replacing tanx with
2sW tanx#

Z5~cosj1sinjsWtanx!Z12~sinj2cosjsWtanx!Z2 ,

Z85~sinjZ11cosjZ2!/cosx,

A5g2cWtanx~sinjZ11cosjZ2!, ~26!

whereg is the physical photon. Equation~22! for j becomes

tan2j5
22 cosx~Dm21mZ

2sWsinx!

MZ8
2

2mZ
2cos2x1mZ

2sW
2 sin2x22Dm2sWsinx

,

~27!

while theZ1 mass is given to lowest order inmZ
2/MZ8

2 by

mZ1
2 5mZ

2H 12
mZ
2

MZ8
2 S Dm2

mZ
2 1sWsinx D 2J . ~28!

The coefficient of theZ1 term in Eq.~26! is essentially a
wave-function renormalization for theZ1 and contributes to
DrM by absorbing part of the explicit mass shift which cam
from mass matrix mixing@16#. The net effect is anegative
contribution to DrM which subtracts from the positive-
definite contribution coming from mass mixing. In terms o
d,

DrM.
MZ8

2

mZ
2 j222kjd, ~29!

wherek5g8cWsW/g2 . The important point to note is that, in
the presence of kinetic mixing,DrM can be smaller than had
there been no such mixing; in fact,DrM can be negative.
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The kinetic mixing also shiftssW
2 beyond what was al-

ready included in Eq.~15!:

sW
2 5sW

2 uj5d502jcW
2 S sW

2

cW
2 2sW

2

MZ8
2

mZ
2 j1kd D . ~30!

For d50 this reduces to Eq.~15!. Finally, there is a new
contributionSM to the so-calledS parameter~see, e.g., Ref.
@16#! due to kinetic mixing which can be negative,

aSM.24cW
2 kjd, ~31!

to leading order inmZ
2/MZ8

2 .

B. New contributions to oblique parameters

As noted in the previous sections, in the absence of U~1!
kinetic mixing ~i.e., d50! Z-Z8 mixing gives a positive con-
tribution to ther parameter, denoted byDrM , and no con-
tribution to theS parameter. Since our numerical fits ar
sensitive to the totalDr̄ andS, it is important to see if there
are corrections from sources other than theZ-Z8 mixing.
~Both Dr̄ andS are defined to be zero in the SM for som
reference top quark and Higgs boson masses which we t
to be 175 GeV and 125 GeV, respectively.! The spectrum of
the effective theory in all models that we will consider in
cludes a Higgs sector with two doublets, vectorlike states
complete ‘‘SU~5! multiplets,’’ and the superpartners of al
particles, all of which can in principle contribute to the ob
lique parameters. The sizes of these contributions depend
the details of the mass spectrum. As we shall see, the sca
the U~1!8 breaking turns out to be relatively low in all mod
els ~typically MZ8;200–250 GeV!. Therefore the contribu-
tions of the additional matter cannot be ignored in gener
Let us therefore estimate the typical allowed ranges
Drextra and Sextra ~S[SM1Sextra!, given some reasonable
choices for the spectrum, in particular that depending up
MSSM superpartners, Higgs sector, and additional vectorl
matter.

The superpartner contributions toDrextra andSextra in the
MSSM have been studied in Refs.@18# and @19#, respec-
tively. In Ref. @19# it has been shown that such contribution
to Sextra are generally very small; therefore, we will ignor
MSSM superpartner contributions toSextra in everything that
follows. Likewise it is shown in Ref.@18# that the corrections
to Drextra from the MSSM sparticle spectrum are small~and
positive! with the exception of the top-squark–bottom
squark correction which can be sizable depending on
nature of the supersymmetric spectrum.

Although the Higgs boson contribution toDrextra in a gen-
eral two-doublet model can be large and negative~as large as
20.01!, in supersymmetric models there are restrictions
the Higgs sector parameters, resulting in an absolute low
bound ofDrextra>20.0015 from the MSSM Higgs sector
However, in the class of models which we will consider
Sec. III, this number becomes20.002 since the Higgs secto
in these models is not identical to that of the MSSM. This
because themHuHd term of the MSSM will be replaced by
lHuHdS, where S is a SM-singlet field carrying U~1!8
charge. There is also a new contribution to the Higgs pote
tial from the U~1!8 D term. We have analyzed the Higg
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spectrum of these models, which resemble the MSSM with a
singlet~the NMSSM!. In the limit where the singlet VEV is
large compared to the doublet VEV’s, but keeping the mas
of the pseudoscalar fixed, we have numerically examined th
most negativeDrextra obtainable from the Higgs sector and
found it to be20.002. Of course, this could be partially
offset by some positive contribution from other sectors, such
as the top-squark–bottom-squark sector. In the model analy
sis of Sec. III A we will therefore consider two cases, one in
whichDrextra50 and another in which we takeDrextra to have
the not unreasonable value20.001.

As far as the contributions from additional vectorlike mat-
ter are concerned, we will always consider the simple
isospin-symmetric case~i.e., the masses of theT3561/2
states equal! where there are no vectorlike contributions to
Drextra. In this limit, Sextra need not be zero. For the various
models we will consider,Sextrareceives potentially large con-
tributions from the multiplicity of lepton-Higgsino doublets
which arise. There are two natural cases. One, in which th
vectorlike contributions to the doublet masses dominate ove
the chiral contributions, givesSextra.0. Alternatively, be-
cause the weak scale and the U~1!8 scale are quite close, the
chiral masses can be of order the vectorlike masses; we ha
estimated, using the results of Ref.@20#, the contribution to
Sextra in this case to be10.14 per pair of such doublets.

III. LEPTOPHOBIC U „1… MODELS

Any model which hopes to extend the SM in a minimal
fashion must give masses to the SM fermions through th
usual Higgs mechanism. Within a supersymmetric model
such couplings appear in the superpotentialW. LettingW0 be
the minimal superpotential consistent with the SM, we write1

W05huQHuu
c1hdQHdd

c1heLHde
c. ~32!

The new U~1!8 must also preserve this superpotential. De-
manding that the U~1!8 couplings of the leptons be zero al-
lows us to write the charges of the remaining fields

Q8~Q![x, Q8~Hu!52x2y,

Q8~uc![y, Q8~Hd!50,

Q8~dc!52x. ~33!

We next require that the resulting gauge theory have no
anomalies. In the case of the SM particle content alone, thi
impliesC35C25C15C050, where

@SU~3!#23U~1!8: 3x13y[C3 , ~34!

@SU~2!#23U~1!8: 8x2y[C2 , ~35!

@U~1!Y#23U~1!8: 2x1 7
2 y[C1 , ~36!

1With the extended matter content that we will introduce later in
the paper, it is also possible to consider more complicated nonmin
mal choices for these Yukawa couplings, where the Higgs boson
that couple toec and dc are distinct. We will not analyze these
possibilities in detail here.
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@U~1!8#23U~1!Y : ~x1y!~7x25y![C0 . ~37!

At this time we do not concern ourselves with the@U~1!8#3 or
U~1!8@gravity#2 anomalies since these can be saturated w
any number of SM gauge singlets. The only solution wh
cancels all anomalies in Eqs.~34!–~37! is the trivial solution
x5y50.

Going beyond the MSSM, we wish to add matter in su
a way that the unification of gauge couplings that occurs
the MSSM is not upset. To do so we must arrange that
additional matter changes the MSSM one-loopb-function
coefficients in such a way thatDb25Db353/5Db1 . This
constraint can be most easily understood as requiring
addition of complete SU~5! multiplets to the spectrum
@though U~1!8 need not commute with this fictitious SU~5!#.

Our principles outlined in Sec. I constrain us further
how we add SU~5! multiplets to the model. Implicit in the
requirement of unification is that the gauge couplings rem
perturbative up to the unification scale. This implies that
can only add~a limited number of! 5’s, 10’s, and their con-
jugate representations. By requiring that all new matter
vectorlike under the SM gauge groups, we restrict oursel
further to adding the multiplets in pairs. In combinatio
these two principles limit us to adding~A! up to four~5̄15!
pairs,~B! one (10110) pair, or ~C! one pair each of~5̄15!
and (10110).

Consider model A with a single pair of~5̄15!. Because
we require neither that the U~1!8 commute with the ersatz
SU~5! nor that the charge assignments be vectorial with
spect to the U~1!8, we write general U~1!8 charges for the
new states as

55~3,1!@21/3,a1#1~1,2!@1/2,a2#,

5̄5~ 3̄,1!@1/3,ā1#1~1,2!@21/2,ā2#, ~38!

where each state is listed by it
„SU~3!c ,SU~2!L…@U~1!Y ,U~1!8# representation on charge
The anomaly coefficients are changed to

C0→C02a1
21a2

21ā1
22ā2

2, C2→C21a21ā2 ,

C1→C11
1
3 ~a11ā1!1 1

2 ~a21ā2!, C3→C31a11ā1 .
~39!

Solving for the conditionC35C25C15C050 yields

y52x, ~40!

with the additional relations a1522(ā219x)/3,
a252ā226x, and ā15(2ā229x)/3. Note that all charges
are rationally related, and, further, that for a purely ax
vector choice of U~1!8 charges~a15ā1 etc.!, the only solu-
tion is the trivial onex5y5ai50. The result, Eq.~40!, does
not depend on the number of~5̄15! pairs. Thus for this en-
tire class of models, we know the couplings of all the qua
to theZ8 through Eq.~33!, up to one overall normalization

The same exercise can be undertaken for model B. N
we add the states in the (10110) with charge assignments

105~3,2!@1/6,a3#1~ 3̄,1!@22/3,a4#1~1,1!@1,a5#,
ith
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1̄05~ 3̄,2!@21/6,ā3#1~3,1!@2/3,ā4#1~1,1!@21,ā5#.
~41!

In the general case the phenomenologically important ra
y/x is undetermined by the anomaly conditions. However,
we make the very natural simplifying assumption that th
U~1!8 charges in Eq.~41! are purely axial vector~a35ā3 ,
etc.!, then the@U~1!8#23U~1!Y anomaly equation~37! is un-
modified and there are only two solutions for the charg
ratio:

y52x or y5
7x

5
. ~42!

The associated charges of the extra states
$a3 ,a4 ,a5%5$23x/2,3x,23x/2% and $211x/10,27x/5,x/
10%, respectively. In the following we will refer to these
models as ‘‘B~21!’’ and ‘‘B ~7/5!’’. In the ‘‘B ~21!’’ model
the charges are identical to baryon number, with the Hig
doubletHu carrying zero charge. At this stage it is importan
to recognize that both these models have the potential pr
lem that the extra states do not include~1,2!61/2 representa-
tions which can be used to give a naturally small of
diagonal mixing termDm2 in the MZ,Z8

2 mass matrix Eq.
~12!. In the B~21! model, there is no tree-levelZ-Z8 mixing.
Even at the one-loop level, no such mixing arises in th
simplest version of this model where the (10110) states
receive masses from SM singlets only. In the B~7/5! model,
on the other hand, there is tree-levelZ-Z8 mixing, which,
however, tends to be too large. As we will see, this mod
requires additional~negative! contributions to thep param-
eter to relax the constraint, Eq.~18!.

Model C has, in the general case, ten new U~1!8 charges
corresponding to the ten new states in Eqs.~38! and~41!, and
again even with the constraints imposed by anomaly canc
lation the ratioy/x is not determined. However, there are tw
particularly attractive and natural subclasses of these mod
In the first subclass the U~1!8 charges of the extra states ar
chosen to be purely axial vector. This leads to the char
ratiosy/x521 or 7/5 as in Eq.~42! @models ‘‘C~21!’’ and
‘‘C ~7/5!’’, respectively#. Note that since all C-type models
contain an extra pair of Higgs doublets, they are natura
able to accommodate a suitably smallZ-Z8 mixing. The sec-
ond attractive subclass of model C is defined by setting t
U~1!8 charges of the antigeneration~511̄0! to zero
(a15a25ā35ā45ā550). In this case the ratioy/x is con-
tinuously adjustable as is the charge,a3, of the additional
~3,2!1/6 state. Among this continuous family, the choice

y5x ~43!

is especially simple and attractive@model ‘‘C~1!’’ #.
In all cases we still need to impose the@U~1!8#3 and

U~1!8@gravity#2 anomaly cancellation conditions. It is impor-
tant to consider an efficient way of achieving this because
will soon see that there is a strong constraint arising from t
requirement of perturbativity of the U~1!8 coupling all the
way up to the GUT scale, and the U~1!8 b function gets a
significant contribution from these SM-singlet states~collec-
tively S’s!. One must also add sufficient vectorlike state
charged under U~1!8 to give all the additional matter~includ-
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TABLE I. Minimal b function coefficients~in the normalizationx51! for the models defined in the text,
together with additional SM-singlet matter to cancel@U~1!8#3 and gravitational anomalies, and give mass to
all non-MSSM states. The version of model A considered has a single 51̄5.

Model A B~21! B~7/5! C~21! C~7/5! C~1!

bmin 1363 280 174 129 154 191
ch

ny
the
el

f
s

a

ing states both in the10110 and 5̄15’s, and theS’s!
masses. The derivation of the minimal set~in the sense of
reducing their contribution to theb function! of states and
charges that satisfies these conditions is a difficult problem
general. As our interest is only in the value of the minim
U~1!8 b function coefficientb ~including the contributions
from the SM-nonsinglet states! we just quote the results for
bmin for the various models in Table I and where we hav
employed an ansatz for the spectrum of anomaly-cancel
states.2 @Our ansatz is to choose a set of U~1!8-charged states,
S, which cancel the extra anomalies and simultaneously c
tribute minimally to the U~1!8 b function. We then include a
minimal set U~1!8 vectorlike states which give mass to th
S’s.#

Strictly speaking our ‘‘unification principle’’ does not ab
solutely require the perturbativity of U~1!8 up to the GUT
scale—it is only the SM gauge couplings that we require
successfully unify while still perturbative. For instance, it
possible that our extra U~1!8 gauge symmetry is enhance
into a non-Abelian gauge symmetry well before the GU
scale, in which case the following is~possibly much! too
severe a restriction. Nevertheless, it is interesting to see
bounds on the mass of theZ8 that follow from such a re-
quirement.

The restriction is derived as follows: Using Eqs.~9! and
~13! for the fitted quantitiesj̄ andDrM , we find that, for the
x51 normalization choice,

a8~MZ![
g82

4p
.4.4331022

~ j̄ !2

DrM
SMZ8
MZ

D 2. ~44!

However, requiring that the Landau pole does not occur un
a scaleL gives ~at one loop! the restriction

a8~MZ!<
2p

b

1

ln~L/MZ!
, ~45!

whereb is theb-function coefficient. Putting these two equa
tions together leads to a restriction on theZ8 to Z mass ratio
in terms of the ‘‘measured’’ quantitiesj̄ andDrM , and the

2We doubt that it is possible for some of the SM singlets to
very light, which would have reduced significantly theb-function
coefficientsbmin . Constraints on this possibility come predom
nantly from supernova cooling and to a lesser extent big-bang
cleosynthesis~BBN!. If these SM singlets are massless, they will b
produced copiously inside supernovas through theirZ8 interactions.
Once produced, they will free stream out of the supernova, lead
to rapid cooling. Consistency with SN 1987A observation requir
that theZ8 mass must be greater than about 1 TeV or that the sing
states must be heavier than about 30 MeV.
in
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coefficientb @for which we have a lower bound given the
minimal spectrum of U~1!8 charged particles necessary for
anomaly cancellation, etc.#:

SMZ8

MZ
D 2<142

DrM

~ j̄ !2
1

b ln~L/MZ!
. ~46!

For the most restrictive case ofL5231016 GeV, this gives

SMZ8

MZ
D 2<4.3

DrM

~ j̄ !2bmin
. ~47!

A. Experimental constraints

Having defined each class of models, we know that ea
will, by definition, be leptophobic. However, it remains to be
seen if they can describe the physics as observed at LEP a
better than the SM. Note that as far as the agreement with
LEP data is concerned, the only important feature of a mod
is the value of the ratioy/x. @In all models except theh
model of Sec. IV we will choose to normalize the U~1!8
gauge couplingg8 such that the quark doublet chargex51.#

To study this question, we have performed ax2 fit of each
model to the LEP data, broadly following the procedure o
Refs.@8, 15#. We take nine independent LEP observables a
inputs: GZ , Rl 5Ghad/Gl , shad, Rb , Rc , MW/MZ , AFB

b ,
AFB
c , andAFB

l . Theoretically, the shift in each observableO
can be expressed as a function ofDr̄, j̄, x, andy:

DO
O 5AODr̄1~BO

~1!x1BO
~2!y!j̄. ~48!

However, it is only in the simple case of no kinetic mixing
that expressions forAO andBO

( i ) follow directly from those
given in Refs.@8, 15#. This is because they take Eq.~15! as
the relation betweensW

2 andDrM ; that is, the expressions of
Refs. @8, 15# assume thatd50. For dÞ0, Eq. ~30! holds
instead. We then reexpress

AODr̄5AO
~1!Dr̄1AO

~2!DsW
2 , DsW

2 [sW
2 2sW

2 uj5d50 ,
~49!

whereAO
(1) includes only theexplicit dependence of the ob-

servableO on Dr̄, not the implicit dependence through
DsW

2 . The coefficientsAO
( i ) are easily generalized from the

discussion of Ref.@15#; numerical values for theAO
( i ) and

BO
( i ) are given in Table II. Note thatDsW

2 is not a new pa-
rameter to be fit, since it is simply a function ofDrM , j and
d through Eqs.~29! and~30!. Clearly ford50 the procedure
here reduces to that of Refs.@8, 15#.

Unlike Ref. @8#, we have opted against using the dat
from the SLAC Linear Collider~SLC!. As is well known, the
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SLC data are approximately 2s from the corresponding data
at LEP. This could be a systematic effect at LEP or SLC~or
both!, or a sign of new physics. Here we will take this dis
crepancy not to be a sign of new physics. Therefore, as
effects we are studying~Rb andRc! are in the LEP data, we
choose, in this paper, to exclude the SLC data from our fi

In our fits for the models of this section, we have take
Sextra50 and allowed forDrextra to be either zero or20.001
consistent with our discussion in Sec. III B. The negativ
value ofDrextra in particular leads to a relaxation of the mas
limits on theZ8.

In Table III we have shown thex2 for each of the possible
charge ratiosy/x52,21, 7/5, and11 in addition to the SM;
the SM is defined by settingj̄50 in the fit. For each model,
we have given the values ofDr̄ andj̄ at the minimumx2, as
well as the value ofas in the range 0.110<as<0.125 which
produces the best fit to the data. For two of the models list
the best fit value ofDr̄ is negative; however, the fit depend
only weakly onDr̄ so that positive values ofDr̄ are allowed
at relatively lowx2 as shown in Fig. 1.

For the two most attractive models, C~7/5! and C~1!, we
have included plots in Figs. 2 and 3 of iso-x2 contours in the
( j̄,DrM) plane. The solid ellipses represent contours
x2514.1 and 18.5, values which correspond to goodness
fits of 95% and 99%, respectively, for 7 degrees of freedo
~DF!, assumingDrextra50. In both cases, the contours im
pinge significantly into the physicalDrM.0 region. The
dashed ellipses represent the case for whichDrextra520.001
as discussed earlier in the text; for this case, the allow
values ofDrM are larger.

TABLE II. CoefficientsAO andBO and observablesO used in
the fit to the electroweak data, as defined in Eqs.~48! and ~49!.

O AO
(1) AO

(2) BO
(1) BO

(2)

GZ 0.98 21.02 20.55 0.50
Rl 20.04 20.83 20.78 0.71
shad 0.006 0.12 0.32 20.29
Rb 0.007 0.16 22.8 20.71
Rc 20.004 0.33 5.4 1.4
MW/MZ 0.38 21.0 0 0
AFB
b 0 256 22.1 0

AFB
c 0 259 2.4 25.4

AFB
l 0 2115 0 0

TABLE III. Results of fit to LEP data in the standard model~at
as50.125, the best fit for the LEP data alone! and models with
charge ratiosy/x52, 21, 7/5, 11. In all cases thex2 are for 7
degrees of freedom~DF!, andmt5175 GeV andmHiggs5120 GeV
are assumed. The best fit value ofas in the range 0.110–0.125 is
quoted in each case.

Model Dr̄ j̄ x2 as(MZ)

SM 5 31025 0 22.8 0.125
2 9.131024 24.631023 10.9 0.125
21 25.631024 24.131023 14.8 0.110
7/5 3.531024 27.631023 5.4 0.125
11 22.631024 28.931023 4.0 0.123
-
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Figures 2 and 3 also show contours of constantMZ8 cal-
culated assuming the perturbativity constraints of Eq.~47!
and using the values ofbmin tabulated in Table I. For the
C~7/5! model, the 95%~99%! C.L. bound onMZ8 is 180
~350! GeV for Drextra50 and 250 ~500! GeV for
Drextra520.001. Similarly, for the C~1! model the 95%
~99%! C.L. bound onMZ8 is 150 ~300! GeV for Drextra50
and 220~450! GeV for Drextra520.001. The B~7/5! model
has mass limits only slightly stronger than those of th
C~7/5! model: 170~320! Gev forDrextra50. For the remain-

FIG. 1. 99% C.L. contours for the four basic classes of mode
labeled by theirQ/ue charge ratio in the (j̄,Dr̄) plane. The cross
represents the SM.

FIG. 2. x2 contours for the C~7/5! model in the (j̄,DrM) plane.
The solid ellipses represent the 95% and 99% C.L. bounds on t
fit. The dashed ellipses represent the corresponding bounds
Drextra520.001. The three solid lines are contours ofMZ8 arising
from the theoretical constraint of perturbativity of the U~1!8 cou-
pling up to the GUT scale, and are labeled in GeV.
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54 4643LEPTOPHOBIC U~1!’s AND THE Rb-Rc ANOMALIES
ing models in Table I, the correspondingZ8 mass limits are
much stronger~with the exception of the model of Sec. IV
which falls into the broad class of model A but has small
value for theb-function coefficientb!.

One might expect thatZ8 models of the type considered
here would be strongly constrained by either UA2 or CD
D0. However, the strongestZ8 mass bounds in the literature
depend on observation of the leptonic decays of theZ8,
which are highly suppressed in these leptophobic mode
The dijet decays of theZ8, which dominate its width, are
hard to detect above background except for limited ranges
Z8 masses and couplings. In particular, CDF can only e
clude Z8→ j j for MZ8 roughly between 400 and 460 GeV
@21#, and then only for SM strength~or stronger! couplings.
UA2 has a similar bound ofMZ8.260 GeV @22#, but here
again one requires SM strength couplings. Note that beca
of the small couplings that result from our perturbativity con
straint, we tend to find that the production cross section
the Z8 at a hadron collider is suppressed by at least 40
compared to the SMZ cross section. We therefore find tha
UA2 does not provide a strong constraint on theZ8 mass in
these models.

All of the theoretical mass bounds that we have deriv
depend strongly on the value of the U~1!8 gauge coupling,
and thus on the size ofbmin , and especially on the assump
tion of perturbativity of the U~1!8 gauge coupling all the way
up to the GUT scale. If the U~1!8 interaction is enhanced to a
non-Abelian group at some intermediate scale, then theZ8
mass bounds are much weaker; we are investigating this p
sibility. By either decreasingbmin or decreasingL ~the scale
up to which we require perturbativity!, g8(MZ) will increase.
As g8 increases theZ8 mass bound increases but theZ8 pro-
duction cross section at a hadron collider, relative to aZ of
the same mass, also increases. At some mass, however
kinematic suppression of theZ8 production wins and the ex-
perimental bound goes away. We will not consider the d
tails of these competing effects here.

FIG. 3. x2 contours for the C~1! model in the (j̄,DrM) plane.
See caption of Fig. 2 for explanation.
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Taking all the phenomenology together, including the
possibility of naturally smallZ-Z8 mixing, we view the C~1!,
C~7/5!, andh models of the next section as promisingZ8
explanations of theRb andRc anomalies.

IV. h MODEL

As we noted in Sec. I, E6 is a natural and, for our pur-
poses, minimal choice for a simple GUT group containing
extra U~1!’s. In addition E6 appears as an underlying feature
in many geometric compactifications of the E83E8 heterotic
string. In either case, the list of possible subgroups into
which the E6 can break is small and well defined.

Since E6 is rank 6, its Cartan subalgebra contains two
U~1! generators besides those of the SM gauge groups. A
scales just above the electroweak scale, the additional gau
symmetry could appear either as a commuting U~1!8 factor
~as we have been assuming up to this point! or as a unifica-
tion of the SM groups into some non-Abelian group@e.g.,
SU~4!c3SU~2!L3SU~2!R#. The latter choice cannot describe
the physics at LEP since it cannot be leptophobic. Returnin
to the former, we can write the new U~1!8 as a combination
of the two extra U~1!’s in E6, usually denoted as U~1!x and
U~1!c :

Q8~a!5cosaQx1sinaQc . ~50!

In Table IV the chargesQx andQc are given for each of the
states of the MSSM using the standard embedding into th
27.

No linear combination of U~1!x and U~1!c is completely
leptophobic. The best one can do is to find models for which
the axial vector coupling of the charged leptons is zero
Since the vectorial contributions for charged leptons appea
proportional to 124sW

2 .0.07, theZ8 coupling to charged
leptons could be highly suppressed with respect to the had
ronic couplings. However, such models would necessarily
have couplings to the neutrinos of order the hadronic cou
plings. If, afterZ-Z8 mixing, the net effect were an increase
in Ginv at LEP, the model could be quickly ruled out. On the
other hand, ifGinv were to decrease, one could imagine that
some new source of invisibleZ decays~e.g., neutralinos!
could offset the difference. We consider such a scenario t
be fine-tuned and do not consider it here.

TABLE IV. U ~1! charges of the stats of a 27 of F6.

A 5
3Y 2A6Qc 2A10Qx 2A15Qh

Q 1/6 1 21 22
uc 22/3 1 21 22
dc 1/3 1 3 1
L 21/2 1 3 1
ec 1 1 21 22
Hu 1/2 22 2 4
Hd 21/2 22 22 1
D 21/3 22 2 4
Dc 1/3 22 22 1
nc 0 1 25 25
S 0 4 0 25
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However, as was discussed in Sec. II A, in an arbitra
U~1!a3U~1!b model, there is one more free parameter,
mixing parametergab for the two groups. In the case of the
breaking of some unified gauge group,GGUT, at some high
scale intoGGUT→SU~3!c3SU~2!L3U~1!Y3U~1!8, the value
of gab will be zeroat the high scale. Nonetheless, through its
RGE’s, Eq.~24!, gab will be driven to nonzero values for
generic particle content. The effective coupling to theZ8 is
thenQeff5Q8(a)1dY whered5gab/g8.

From the low-energy point of view,d is a completely free
parameter which must be fit to the data just as we didj̄ or
Dr. Therefore, we have repeated theX2 analysis of the pre-
vious section; however, the charges of the SM fermions
now completely determined in terms ofa instead ofx andy.
Figure 4 is ax2 plot in the plane of~a,d! showing the fits to
the LEP data at 95% and 99% C.L. At each point in th
plane, thex2 value is minimized with respect to the remain
ing two free parametersDr and j̄. Along the bottom of the
plot are indicated the values ofa consistent with thex, c,
andh models~a50, p/2, and2tan21 A5/3.20.91, respec-
tively! commonly discussed in the literature. All previou
discussions of these models~with the exception of Ref.@23#!
have tacitly takend50.

What is remarkable about the fit is that it picks a ve
particular model out, for a limited range ofd. To fall within
the 95% C.L. region~x2<14.1!, a model must havea5
20.8960.06 andd50.3560.08. Recall that the SM has a
x2522.8 in the same parametrization. Only one model li
within the region of alloweda: the so-calledh model. The
charges of the MSSM states under U~1!h are given in Table
IV.

That the best fit in the~a,d! plane lies atQ8.Qh and
d.1/3 is not surprising. The effective chargeQeff5Qh1Y/3
is completely leptophobic; in fact, it is the only combinatio

FIG. 4. x2 contours for general E6 models. The two contours
represent confidence levels of 95% and 99%. Three canonica6
models are labeled at the bottom. The two points highlight theh
model withd51/3 (x) andd50.29 ~D!.
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of the three Abelian generators in E6 which is leptophobic.3

Note that theQh charges of the lepton doubletL and the
lepton singletec are proportional to their hypercharges.
Thus, U~1!h is uniquely picked out as capable of describing
the new physics at LEP. In Fig. 4 we have shown thed51/3
h model with a cross.

If U ~1!8 is indeed U~1!h , there are a number of direct
consequences both for theory and phenomenology. Firs
U~1!h does not fit into any GUT group smaller than E6.
Thus, if the unification of the gauge couplings at a scale nea
1016 GeV is not an accident, it indicates either a true field-
theoretic E6 GUT @and no SU~5! or SO~10! unification# or
string-type unification in which SU~3!3SU~2!L3U~1!Y
3U~1!h unifies directly at the scaleMMSSM5231016 GeV.
Second, cancellation of the anomalies in Eqs.~34!–~37! re-
quires the existence of three complete27’s of E6. In addition
to the usual states of the MSSM, one can expect three pai
of D andDc quarks which are SU~2!L singlets withY571/
3, two additional pairs of SU~2!L doublets withY561/2,
and three right-handed neutrinosn i

c plus SM singlets@at least
one of which will receive a VEV to break U~1!h and will be
absorbed by theZ8#.

We can now write the mass matrix of theZ-Z8 system.
Defining tanb[^Hu&/^Hd& andgh to be E6 normalized, the
off-diagonal element in the mass matrix is given as in Eq.
~12!:

Dm25
2g2g8

cW
(
i

^T3if i&^~Qh1dY!f i&

52
1

2cW
A5

3
ghg2vZ

2sin2b, ~51!

where the last equality holds for the case where the only
SU~2!L doublets with nonzero VEV’s areHu andHd . For
the completely leptophobich model~i.e.,d51/3!, j̄ andDrM
are then simply

j̄5
gh
2cW

2

g2
2 A5

3
sin2bS MZ

2

MZ8
2 D ,

DrM5A5

3
sin2bj̄S 12

1

15 sin4b D . ~52!

Unfortunately, such a relationship betweenDrM and j̄ does
not provide a very good fit for the data except near the un
physical value of tanb.0.6; the best fit consistent with Eq.
~52! and tanb.1 hasx2 of 22.0, not much better than the
SM, x2522.8. There is a second related problem: Since
Dm2;M Z

2 and we expect~in the absence of tuning! for the
Z8 mass to be only somewhat heavier, we should expec
large mixing anglesj to result. This is generic problem of

3After submission of this paper, we were kindly informed by F.
del Aguila that the possibility of a leptophobic U~1! in E6 had been
observed in Ref.@27#; however, it was not realized that the required
value of d was naturally generated through radiative effects in a
model with realistic matter content.
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U~1!8 models where the U~1!8 is expected to be radiatively
broken close to the weak scale@24#.

The solution to both problems involves the introduction
additional SU~2!L doublets, charged under U~1!8, which re-
ceive VEV’s near the weak scale. In our case these will pl
several roles: arranging theb functions of the model to
unify at the GUT scale, allowing for smallj by canceling the
Hu contribution to Dm2, and likewise decouplingDrM
from j̄, and drivingd.0.

Consider, for example, extending the minimalh model to
include the pair of doublets which fit into the@78,16116,5̄
15# of @E6,SO~10!,SU~5!#, with the doublet in the5 getting
a VEV v l near the weak scale. Then, in the leptophobich
model,Dm2}(v Z

2 sin2b2v l
2 ). If a near cancellation can be

arranged between the two terms inDm2, then small mixing
will result and simultaneouslyDrM! j̄ as needed phenom-
enologically. SinceM Z

2}(v Z
21v l

2 ! and we needvZ andv l
of the same order, the Higgs VEVvu and vd , which give
masses to the fermions, will be proportionally smaller. In th
casevd!vu;v l , the large top-bottom quark mass ratio
natural and the top Yukawa coupling of the same size as o
would expect in the MSSM with tanb51. This is actually
still below the top Yukawa infrared pseudofixed point, whic
now takes a larger value (ht

fixed.1.25) because of the slow
running ofas in this model.

Imposing on the superpotential of the minimalh model a
discreteZ2 symmetry ~a simple extension of the usualR
parity! one finds

Wh5QucHu1QdcHd1LecHd1SHuHd1SDDc1LncHu .
~53!

UnderR parity, all the states of the27 are odd exceptHu ,
Hd , andS. This superpotential forbids dimension-4 proto
decay; dimension-5 operators are also known to be un
servably small in theh model @25#. There appears in the
superpotential a Yukawa mass term for the right-handed n
trino fields,LncHu . To be consistent with current neutrino
mass bounds, this coupling must be small or zero or thenc

must have large Majorana mass terms through some sing
By flipping theR-parity assignment of thenc one can forbid
the term altogether, but at the price of introducing into th
superpotential the termncDdc. Such a term would lead to
D-dc mixing werenc to receive a nonzero VEV.

One can also expect radiative symmetry breaking much
in the MSSM. If theSDDc coupling is of order 1, the soft
mass term for theS field, mS

2, will be driven negative
through its RGE’s, triggering U~1!h breaking througĥS&Þ0
at a scale just above the electroweak scale.~The electroweak
symmetry will similarly be broken bymHu

2 running negative

due to the large top Yukawa coupling.! Since the singletS
has no electroweak interactions unlikeHu , it is conceivable
that the mass squared of theS fields turns negative at a large
momentum scale compared toHu . The nonzerôS& will in
turn produce amHuHd and am8DDc term. ForSHuHd and
SDDc couplings of order 1, one expectsm, m8;MZ8. In
particular, it is natural for theD andDc states to be heavier
than theZ. Finally, we note that there is no mechanism
within theh model fornc to receive a VEV radiatively which
does not violate some other constraint~such as neutrino mass
bounds! @25#. ThusD-dc mixing will not occur.
of
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The h model with only three27’s of E6 does not satisfy
all of our initial principles because it does not have gaug
coupling unification. As mentioned above, unification can b
arranged by introducing one pair of SU~2!L doublets with
hyperchargesA5/3QY561/2. From a string point of view,
these may be viewed as coming from a27127 or a 78, the
rest of whose states received masses at the string scale@26#.
This, along with anomaly cancellation considerations, re
quires the doublets to have equal and oppositeQh . If these
doublets also have nonzero effective chargesQh1dY, their
VEV’s may contribute to theZ-Z8 mixing matrix as outlined
above. A problem may potentially arise in trying to generat
VEV’s for these doublets radiatively; one possibility is to
allow couplings of the typeHuHd8 through singlets.

@This model has, beyond the spectrum of the MSSM
three each of~3,1! and~3̄,1! and six of~1,2!. This is exactly
the content of three~5̄15!’s of SU~5!. Note that in terms of
the charge ratioy/x, the purely leptophobic~d51/3! h model
is equivalent to model A of Sec. III. However, the presenc
of kinetic mixing ~dÞ0! induces contributions to the oblique
electroweak parameters not present in model A. Also unlik
the purely leptophobic models of that section the value ofd
in the h model is generically not 1/3, but is instead deter
mined through the RGE’s and thus through the low-energ
spectrum. Further, itsb function is substantially smaller than
that of model A with a single~5̄15!, since for theh model
the anomaly cancellation is generation by generation, provi
ing a more economical set of charges.#

There are two variants of theh model for which the value
of d at the electroweak scale is of particular interest:~i! the
‘‘minimal’’ h model that possesses three generations of27’s
and one additional vectorlike pair of Higgs doublets tha
arises from the78 of E6; these doublets have charges
A5/3QY521/2 and 2A15Qh56 under the GUT-normalized
U~1!Y3U~1!h symmetries;~ii ! the ‘‘maximal’’ h model with
in addition to the states of the minimalh model a further
effective 5̄15 of SU~5! is added~so that unification is pre-
served!, but which is composed of a second vectorlike pair o
the doublets in the78 together with the color tripletsD1D̄
coming from the27127. The maximal model has the largest
field content consistent with perturbative unification of th
gauge couplings at 231016 GeV. The values of the charge
inner productsBi j for these two models are given in Table V.
The field content of both these models is consistent wi
smallDm2 in theZ-Z8 mass matrix.

Running the SM couplings up to the unification point an
then numerically running the RGE’s of Eq.~24! for gY , gh ,
andgYh

down to the electroweak scale, we find prediction
for d in the two models:

dmin50.11, dmax50.29. ~54!

TABLE V. b-function coefficients for the minimal and maximal
h models, GUT normalized.

Model BYY Bhh BYh

hmin 91
3
5

91
12
5

2
6
5

hmax 91
8
5

91
32
5

2
16
5
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Both of these are calculated withas(MZ)50.120. Larger
values ofas(MZ) lead to a slight increase in the values ofd
compared to Eq.~54!. The threshold corrections tod coming
from mass splitting of the light states are typically of orde
0.01. It is quite remarkable that the totally leptophobic valu
of d51/3 is very nearly predicted by the renormalizatio
group running of the ‘‘maximal’’h-model. From the one-
loop RGE’s, the value of the U~1!h gauge coupling at the
electroweak scale isgh50.40.

Given these values ofd we can now investigate how well
the h-model variants can fit the LEP data. As discussed
Sec. II B we will consider both the case ofSextra50 and
Sextra50.14 per pair of Higgsino-leptonlike doublets. We wi
takeDrextra50. The minimal model is clearly disfavored by
the data, having ax2 no better than the SM for both values o
Sextra. Likewise the maximal model withSextra50 is disfa-
vored. The phenomenologically favored maximal model h
five doublet pairs givingSextra50.7 and a minimumx2513.9
at aZ8 mass of 215 GeV; this is within the 95% C.L. bound
shown in Fig. 4, where the model is indicated by a triang
At the minimum,S[SM1Sextra520.1. Note that the good-
ness of the fit does not depend strongly on the exact value
Sextra in the range 0.5–1.5; in particular, the resultingS only
varies within the range20.1–0.1.

Given gh and the bounds onDrM and j̄ we are in a
position to calculate the bounds on theZ8 mass, using Eq.
~13!. For theh model withd50.29, we find that in order to
fall within the 95% ~99%! C.L. limits for our fit, then
MZ8<240 ~420! GeV, under the assumption of no additiona
contributions toDr̄. ~New positive contributions toDr̄,
which are natural in these models, push the best fitZ8 mass
to lower values.! These fits are shown in Fig. 5. UA2 ha
performed aZ8 search in the dijet channels, excluding aZ8
with 100% branching fraction to hadrons and SM streng
interactions up to masses of 260 GeV@22#. However, given
the value ofgh50.4 and the U~1!h charges of the quarks, one

FIG. 5. x2 contours for theh model with d50.29 in the
( j̄,DrM) plane. See caption of Fig. 2 for explanation. Additiona
positive contributions toDr̄ reduce the best fit value of theZ8
mass.
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can show that the production cross section for thisZ8 is
approximately 1/4 that of theZ, too small to be excluded at
UA2.

What is remarkable about this analysis is that theh
model, which has been extensively studied in the literatu
and for which strong bounds on its mixing with theZ and its
mass have been published, has been resuscitated by the
clusion of the additional U~1! kinetic mixing effect. This is
even more so, since the value ofd is correctly predicted in
specific models in which only one discrete choice of matt
content has been made.

V. CONCLUSIONS

In this paper, we have investigated the possibility of e
plaining theRb excess andRc deficit reported by the LEP
experiments throughZ-Z8 mixing effects. We have con-
structed a set of models consistent with a restrictive set
principles: unification of the SM gauge couplings, vectorlik
additional matter, and couplings which are both generati
independent and leptophobic. These models are anom
free, perturbative up to the GUT scale, and contain realis
mass spectra. Out of this class of models, we find three
plicit realizations@theh, C~7/5!, and C~1! models# which fit
the LEP data to a far better extent than the unmodified SM
MSSM and satisfy all other phenomenological constrain
which we have investigated. Theh model is particularly at-
tractive, coming naturally from geometrical compactifica
tions of heterotic string theory. This is especially so since t
value of the mixing parameterd is correctly predicted given
only one discrete choice of matter content.

In general, these models predict extra matter below 1 Te
andZ8 gauge bosons below about 500 GeV, though theZ8 of
these models will be difficult to detect experimentally.

NOTE ADDED

After this work was completed two further interesting
works concerning the experimental consequences of lep
phobic U~1!’s appeared@28,29#. These papers noted tha
there can exist important low-energy constraints on lept
phobic models arising from atomic parity violation~APV!
and deep-inelastic neutrino scattering experiments. In p
ticular, Ref. @28# argued that the aesthetically appealin
models that we have constructed in this paper are stron
disfavored by the APV data. While this is usually true in th
heavyZ8 mass approximation that we have been employin
up to now, this conclusion does not hold in the very interes
ing case of a lightZ8 (MZ8

2
*mZ

2), as we will now outline.
The APV experiments result in constraints on the s

called weak nuclear chargeQW of various elements such as
cesium and thallium with high atomic and neutron numbe
Z andN. The chargeQW is itself defined in terms of the
product of the axial electron coupling with the up- an
down-type quark vector coupling via
QW522$C1u(2Z1N)1C1d(Z12N)% where

LNC52
GF

&
(
i5u,d

C1i~ ēgmg5e!~ q̄ig
mqi !1••• .

l
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In the case where theMZ8;mZ , both Z1 andZ2 exchange
contribute to the coefficientsC1i . In the approximation
where the mixing is smallj!1, but no expansion is made i
the mass ratior[(mZ

2/MZ8
2 ), the expression for theC1i ’s is

C1i52$v i1v i8j̄~12r !%,

where thev ’s and j̄ are defined in Eqs.~4! and ~9!, respec-
tively. It is therefore clear that the constraint from the AP
data becomes vacuous asr→1. Specifically, we find that the
APV data do not significantly increase the totalx2 for Z8
masses below about 150 GeV.

One may similarly consider the effect of a leptophobicZ8
on the neutrino scattering experiments. We find that the
rameters« L

i and «R
i defined in Ref.@30# are altered by an

amount

D«L/R
i 5S v i87ai8

2 D j̄~12r !,
n

V

pa-

respectively. Thus the weaker constraints from the neutrin
scattering data also disappear for light to moderateZ8
masses.

We will address the full fit including these constraints~as
well as the SLC and other data! more fully in a forthcoming
paper@31#, where we will also discuss the models with vari-
ant Higgs structure mentioned the footnote in Sec. III.
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