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Gauge kinetic mixing and leptophobicZ8 in E6 and SO„10…
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~Received 13 July 1998; published 11 December 1998!

We examine the influence of gauge kinetic mixing on the couplings of a TeV scaleZ8 in both E6 and
SO(10) models. The strength of such mixing, which arises due to the existence of incomplete matter repre-
sentations at low scale, can be described by a single parameterd. The value of this parameter can significantly
influence the ability of both hadron and lepton colliders to detect aZ8 using conventional search techniques. In
addition, dÞ0 also adds to the complexities involved in separatingE6 Z8 models from those arising from
alternative scenarios. Employing a reasonable set of assumptions we have determined the allowed range for
this parameter within a wide class of models via an RGE analysis. In particular, given the requirements of
standard model gauge coupling unification, anomaly freedom, and perturbativity up to the GUT scale, we
demonstrate that the necessary condition for exact leptophobia inh typeE6 models,d521/3, is impossible to
achieve in this scenario. Furthermore we show that the allowed range ford is rather restricted for arbitrary
values of the mixing between theU(1)x andU(1)c type couplings. TheSO(10) Z8 modelx is discussed as
a separate case since it requires special attention.@S0556-2821~99!02801-5#

PACS number~s!: 12.60.Cn, 12.10.Dm, 12.60.Jv
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I. INTRODUCTION

Though the standard model~SM! does an excellent job a
describing precision electroweak data@1# there are many rea
sons to believe that new physics must exist at a scale no
above that which is currently being probed at colliders. T
minimal supersymmetric extension of the SM~MSSM! pro-
vides a setting for addressing a number of important qu
tions left unanswered by the SM framework. Although co
venient for many analyses due to its relative simplicity,
one truly expects that the MSSM will represent the act
version of supersymmetry~SUSY! realized by nature at low
energies. Perhaps one of the simplest and well motiva
extensions of the MSSM scenario is the enlargement of
SM gauge group,SU(3)C3SU(2)L3U(1)Y , by additional
SU(2) or U(1) factors. From the grand unified theo
~GUT! or string point of view, the presence at low energi
;1 TeV, of an additional neutral gauge boson,Z8, associ-
ated with aU(1)8 seems reasonably likely@2#. At a high
energy scale, such aZ8 could arise naturally from, for ex
ample, the breaking of real or ersatz GUT such asSO(10) or
E6 via patterns such asSO(10)→SU(5)3U(1)x or E6
→SO(10)3U(1)c , with some linear combination of th
U(1)’s surviving unbroken down to the TeV scale.

If such particles are indeed present they must either
reasonably massive, have small mixings with the SMZ,
and/or have ‘‘unlucky’’ combinations of fermionic coupling
in order to avoid direct searches at the Tevatron@3# and
potential conflict with precision electroweak data@4#. One
‘‘unlucky’’ set of couplings that has gotten much attention
the literature is the condition know as leptophobia@5#, i.e.,
where theZ8 does not couple to SM leptons. In such a si
ation theZ8 avoids traditional collider searches since it ca
not be produced in Drell-Yan collisions and it does not p
turb any of the leptonic coupling data collected at the CE
e1e2 collider LEP through asymmetry measurements or
value ofALR obtained by SLD. To discover such aZ8 at the
Fermilab Tevatron or CERN Large Hadron Collider~LHC!
0556-2821/98/59~1!/015020~13!/$15.00 59 0150
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would require the observation of a bump in the dijet ma
spectrum, a difficult prospect due to large QCD backgrou
@6# and finite jet energy resolution. In the absence of mixi
with the SMZ, theZ8 would also not be produced at futur
lepton colliders except via loops.

As is easily demonstrated, the condition of leptopho
does not exist in conventionalSO(10) or E6 models @7#
where the fermionic couplings are essentially determined
group theory, the choice of embedding and, in theE6 case,
by the value of a mixing angleu. Interestingly, in the flipped
@non-SO(10) unified# SU(5)3U(1)X @8# model, leptopho-
bia is possible if one assumes that leptons do not carrX
quantum numbers~i.e., only the three10’s carries a non-zero
X charge! and one allows theX charge assignments to b
generation dependent in order to cancel anomalies. If we
demand that theZ8 couplings be at least approximately fla
vor diagonal in order to avoid problems associated with
vor changing neutral currents then there is no leptophobicZ8
case in this scheme as well. Of course it is always possibl
directly construct leptophobicZ8 models with generation in-
dependent couplings following a purely phenomenologi
approach@9# but it is not clear how such models are embe
ded in a larger framework.

In a recent series of papers, Babu, Kolda and Mar
Russell@10# discussed the possibility of constructing a le
tophobicZ8 model within E6-type models through the dy
namical effects associated gauge boson kinetic mixing~KM !
@11# which occurs naturally at some level in almost all re
istic GUT or string models. KM essentially arises due to t
existence of incomplete GUT representations at the low
ergy scale. For example, such a situation is seen to o
even in the MSSM where the usual two Higgs doublet
perfields are low energy survivors associated with part o
pair of 515̄’s at the high scale. While the Higgs doubl
components are light the remaining dangerous, color trip
isosinglet pieces are forced phenomenologically to rem
heavy by proton decay constraints. Even if KM is natura
©1998 The American Physical Society20-1
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THOMAS G. RIZZO PHYSICAL REVIEW D 59 015020
absent at the high scale, the partitioning of any of the m
tiplets will drive KM to be nonzero at the TeV scale via th
renormalization group equations~RGEs!. If there are enough
low energy survivors from split multiplets with the corre
quantum numbers, Babuet al.showed that the effects of KM
on theZ8 couplings can be sufficiently large to obtain lept
phobic conditions.

The purpose of the present paper is to make a broad
vey of models associated with newU(1) factors arising from
E6 andSO(10) and to ascertain quantitatively the impact
KM on the correspondingZ8 couplings. Clearly if leptopho-
bia is indeed possible aZ8 may be missed by present an
future collider searches. We will show, subject to a reas
able set of assumptions, that the values of the parame
necessary forcompleteleptophobia, i.e., identically zero vec
tor and axial vector leptonic couplings, cannot be achieve
these models. We also show that although KM has dram
consequences for theZ8 couplings in these scenarios it wi
still remain possible to discover theZ8 at both hadron and
lepton colliders via their leptonic couplings. In addition w
will show that it will still be possible to distinguish aZ8
originating fromE6 ~including KM! from, e.g., aZ8 origi-
nating from the left-right symmetric model@12# once theZ8
couplings are measured with reasonable accuracy at fu
hadron and lepton colliders. For theZ8 arising inSO(10) we
will show that ambiguities in identification remain unless t
Z8 is directly produced at a lepton collider.

This paper is organized as follows: in Sec. II we set
our notation and review the essentials of kinetic mixing a
Z8 couplings in generalE6 models which incorporate KM
The possibilities associated with alternative fermion emb
ding schemes are discussed. We explicitly show how
search reaches for such aZ8 would be altered by an arbitrar
amount of KM at both the Tevatron and LHC. We also sh
the KM impact on the couplings themselves and the poss
confusion that can arise when trying to determine the mo
from which theZ8 originated if KM effects were allowed to
be arbitrarily large. The basic formulae needed in our la
analysis are also supplied here at the one-loop level. In
III we discuss our model building assumptions and num
cally analyze the resulting 68E6 models and 134SO(10)
models to which these assumptions naturally lead. We d
onstrate that exact leptophobia does not occur in any of th
models even though the overall effects of KM can be n
merically substantial. The resulting allowed range of co
plings are determined in all cases. The influence of kine
mixing on theZ8 search reaches of the Tevatron and LH
within these models is also examined in detail as are a n
ber of issues relating toZ8 identification. A summary and
discussion as well as our conclusions can be found in S
IV.

II. NOTATION, BACKGROUND, AND REVIEW
OF KINETIC MIXING

Consider the Lagrangian for the electroweak part of
SM with the addition of a newU(1) field which is decom-
posed in the following manner:

L5Lkin1Lint1LSB1LSUSY, ~1!
01502
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where the most general form ofLkin is given by

Lkin52
1

4
Wmn

a Wamn2
1

4
B̃mnB̃mn

2
1

4
Z̃8mnZ̃mn8 2

sin x

2
B̃mnZ̃8mn, ~2!

with Wa, B̃ and Z̃8 representing the usualSU(2)L , U(1)Y
and U(1)8 fields, with the index ‘‘a’’ labelling the weak
isospin. Note that the term proportional to sinx which di-
rectly couples theB̃ and Z̃8 fields is not forbidden by eithe
U(1)Y or U(1)8 gauge invariance and corresponds to gau
kinetic mixing. In this basis the interaction terms for ferm
ons can be written as

Lint52c̄gm@gLTaWm
a 1g̃YYB̃m1g̃Q8Q8Z̃m8 #c. ~3!

The parts of the Lagrangian describing symmetry break
and the interactions of the SUSY partners are containe
termsLSB1LSUSYand will not directly concern us here. W
can remove the off-diagonal coupling of theB̃ andZ̃8 in the
kinetic energy by making the field transformations:

B̃m5Bm2tan xZm8 ,

Z̃m8 5
Zm8

cosx
. ~4!

This diagonalizes the kinetic terms inLkin and, making the
corresponding transformation in the couplings:

gY5g̃Y ,

gQ85
g̃Q8

cosx
,

gYQ852g̃Y tan x, ~5!

allows the interaction term in the Lagrangian to be written
a more familiar form. The couplings are assumed to
‘‘GUT’’ normalized in this basis since we will assume th
complete representations exist at the high scale. Using
SM notation and normalization conventions i.e.,Y
→A3/5YSM andgY→A5/3g8 such thatQem5T3L1YSM , we
obtain the more traditional appearing result

Lint52c̄gmFgLTaWm
a 1g8YSMBm

1gQ8S Q81A3

5
dYSMDZm8 Gc, ~6!

whered[gYQ8 /gQ8 and we immediately recognize the usu
SM weak isospin and hyper-charge coupling terms. Note
dÞ0 requiresgYQ8Þ0. Of course, for our purposes we mu
remember that all of the couplings in this term run wi
energy and are thus to be evaluated at the EW or TeV s
to make contact with experiment. Furthermore, recalling t
0-2
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GAUGE KINETIC MIXING AND LEPTOPHOBIC Z8 IN . . . PHYSICAL REVIEW D 59 015020
gQ8 is GUT normalized, theZ8 piece of this interaction can
also be rewritten to conform to more conventional@7,13#
notation, i.e.,

L~Z8! int52l
gL

cw
A5xw

3
c̄gm

3S Q81A3

5
dYSMDcZm8 , ~7!

with as usual xw5sin2 uw5e2/gL
2, cw5cosuw and l

5gQ8 /gY . Note that in this notationd•l52tanx. Assum-
ing for our purposes that theZ8 arises from the symmetry
breaking chain E6→SO(10)3U(1)c→SU(5)3U(1)x

3U(1)c→SM3U(1)0 , one obtains Q85Qc cosu
2Qx sinu, where u is the familiar E6 mixing angle and
the Qc,x,h , the last being the appropriate combination f
model h which corresponds tou5tan21 A3/5.37.76°, are
given in Table I assuming the conventional particle emb
dings. @In the SO(10) case to be discussed later we simp
setu52p/2 which corresponds to thex model.#

As we will see below, the a priori unknown parametersd
andl are directly calculable for any value ofu from an RGE
analysis within the framework of a given model with fixe
matter content assuming high scale coupling unification.
lowing both of these parameters to vary freely clearly lea
to significant modifications of the potentialZ8 couplings.
However, as was noted by Babuet al., if we do indeed treat
them as free parameters one finds that for conventional
ticle embeddings withd521/3 andu5tan21 A3/5, i.e., the
couplings of modelh, both the vector and axial vector lep
tonic couplings of theZ8 vanish for all values ofl and
leptophobia is obtained. A quick analysis shows that t
choice of parameters isunique. In alternative embedding
leptophobia is also possible but its location in the mo
parameter space is modified. In the case of the flip
SU(5)-type model@8#, the roles played by the pairs (uc,ec)
and (dc,nc) are interchanged, so that the lepton’s righ
handed couplings are modified. Similarly, in the alternat

TABLE I. Quantum numbers of the particles contained in the27
representation ofE6 ; standard particle embeddings are assum
and all fields are taken to be left-handed.

Particle SU(3)c 2A6Qc 2A10Qx 2A15Qh Y

Q5(u,d)T 3 1 21 2 1/6
L5(n,e)T 1 1 3 21 21/2
uc

3̄ 1 21 2 22/3

dc
3̄ 1 3 21 1/3

ec 1 1 21 2 1
nc 1 1 25 5 0
H5(N,E)T 1 22 22 21 21/2
Hc5(Nc,Ec)T 1 22 2 24 1/2
h 3 22 2 24 21/3
hc

3̄ 22 22 21 1/3

Sc 1 4 0 5 0
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embedding scheme of Ma@14#, the fields (L,dc,nc) are in-
terchanged with (H,hc,Sc), which also leads to leptonic cou
pling changes, this time for the left-handed couplings.
course we can also imagine both interchanges being m
simultaneously leading to a fourth set of possible lepto
couplings. In each of these cases a unique point in thu
2d parameter space leads to leptophobia; these are sum
rized in Table II. Note that both the standard and the alt
native embedding due to Ma lead to the same required va
of the parameters in order to achieve leptophobia. This is
too surprising as modelh couplings are invariant under th
particle interchange associated with Ma’s model. In all ca
we see that the required magnitude ofd to achieve leptopho-
bia is reasonably large. We also note from this table that
SO(10)-inspiredx model can never be even approximate
leptophobic independently of how the particles are emb
ded.

To get an idea of the potential impact of leptophobia, a
dÞ0 in general, we show in Fig. 1 the search reaches for
E6 Z8, assuming the canonical particle embedding and
suming that theZ8 decays only to SM particles, at both th
Tevatron Run II and the LHC; we take the valuel51 and
use the CTEQ4M parton densities@15#. @For other values of
l near unity the mass reaches scale approximately asDM
.180 log(l) GeV andDM.660 log(l) GeV at TeV II and
LHC, respectively.# In both cases the reach is roughlyu and
d independent~.850 GeV and.4200 GeV for TeV II and
the LHC, respectively! except near the leptophobic regio
where it falls off quite dramatically forming a hole in th
mass reach. It is clear that the conventionalZ8 searches will
fail in this region and that the dijet method would need to
employed to find theZ8.

Arbitrarily large values ofd can also lead to possible con
fusion whenZ8 couplings are extracted at, e.g., future lept
colliders. It is well known that when KM is absent sufficie
data onZ8 couplings can be extracted at such machines, e
below theZ8 production threshold, so that theZ8’s model of
origin can be identified@16,13#. When dÞ0, the allowed
ranges of the various vector and axial vector fermionic c
plings inE6 models is greatly extended in comparison to t
more conventional case creating overlaps with the co
sponding coupling values anticipated in other models. T
result is shown explicitly in Fig. 2 for both leptonic andb
quark couplings, these being the ones most easily measu
Here theE6 case with and without KM is compared to th
predictions of the left-right model@12#, Ma’s alternative
model @14#, the un-unified model@17# as well as to the ref-

d
TABLE II. Values of the parametersu and d for which exact

leptophobia is obtained for the various embedding schemes
cussed in the text.

Embedding tanu d

Standard A3/5 21/3
Flipped A15 2A10/3
Ma A3/5 21/3
Both A5/27 2A5/12
0-3
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FIG. 1. Search reaches for theE6 Z8 at ~top! the Tevatron~2 fb21! and~bottom! LHC ~100 fb21! in GeV as functions ofu ~left axis! and
d ~right axis! assuming no exotic decay modes. The leptophobic hole is evident in both cases. The sign ofd has been reversed in these plo
for ease of viewing andl51 has been assumed.
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erence case of aZ8 with SM couplings. In the KM case it ha
been assumed for simplicity thatl51 andd is confined to
the range21/2<d<1/2. One sees immediately that th
presence of KM leads to potential misidentification of theZ8
even when precise measurements of the couplings are a
able. Though not shown, similar effects would be obser
in u-quark type couplings. Clearly, if the range ofd is in-
creased and/orl were allowed to vary from unity by as sma
a value as say 25%, the size of theE6 coupling region would
dramatically increase and theZ8 mis-identification potential
would rise dramatically. Note that theSO(10) inspiredx
model in the absence of KM corresponds to the point
contact of the solid and dashed curves, i.e., the non-KME6
and left-right model~LRM! cases, in both the couplin
planes. In this case theZ8 in the non-KM x model has the
same couplings as does theZ8 in the LRM with k2

5(gR /gL)255/3@xw /(12xw)#, with gL,R being the gauge
coupling associated with theSU(2)L,R group factor. From
this analysis it is clear that apart from the specific proble
of leptophobia it is very important to determine what t
allowed ranges of bothd and l are in realisticE6 and
SO(10) models.

In order to constrain the low scale values of bothl andd
for a given model we must first perform an RGE analys
The coupled RGEs forgY , gQ8 and gYQ8 at one-loop are
given in our notation by@10#

dgY
2

dt
5

~gY
2 !2

8p2 BYY,

dgQ8
2

dt
5

gQ8
2

8p2 @gQ8
2 BQ8Q81gYQ8

2 BYY

12gQ8gYQ8BYQ8#,
01502
il-
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.

dgYQ8
2

dt
5

1

8p2 @gQ8
2 gYQ8

2 BQ8Q81gYQ8
4 BYY

12gY
2gYQ8

2 BYY12gY
2gQ8gYQ8BYQ8

12gQ8gYQ8
3 BYQ8#, ~8!

whereBi j 5Tr(QiQj ), with the trace extending over the fu
low energy matter spectrum. In particular,BYY5bY
53/5Tr(Y2) is the conventional GUT normalized beta fun
tion for the U(1)Y coupling. At the high~GUT or string!
scale where complete multiplets are present one finds
BYQ850, identically, so that gYQ8 , and hence, d
5gYQ8 /gQ850. Below the high scale we imagine that
least some incomplete matter multiplets survive to low en
gies renderingdÞ0 via renormalization group equatio
~RGE! evolution. The quantum numbers of these survivo
will tell us the specific value ofd. It is important to stress
thatBYQ8 receives no contributions from complete multiple
or from SM singlets.

Since gauge invariance tells us that there is no mix
between theSU(3)C , SU(2)L and either of theU(1) gauge
fields, the one-loop RGEs for both thegL,s couplings take
their conventional forms and can be trivially analytically i
tegrated. WritingL5 log(MU /MZ), these two equations ca
be combined as usual from which we obtain

L5
2p~as

212xwa21!

bs2bL
,

aU
215

bsxwa212bLas
21

bs2bL
, ~9!
0-4
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FIG. 2. Vector and axial vector couplings for leptons~right! andb-quarks~left! in variousZ8 models: theE6 model with no KM~solid!,
the left-right model~dashed!, and the un-unified model~dash-dot!, as well as the case of a heavy SMZ8 and the alternative model of Ma
~labeled by the two diamonds.! The points are the predicted values inE6 with KM assuming21/2<d<1/2 andl51. For lÞ1 the
predicted coupling region scales appropriately.
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with aU being the common unification coupling. Furthe
integration of the hypercharge RGE yields the usual resu

gY
22~ t !5

aU
21

4p F11
aU

2p
BYY~ tU2t !G , ~10!

where tU; log MU and the unification boundary conditio
has been imposed.

Sinced5gYQ8 /gQ8 , and the solution forgY
2(t) is known,

we can combine the last two of the RGEs above to obta

dd

dt
5

1

gQ8

dgYQ8
dt

2
gYQ8

gQ8
2

dgQ8
dt

,

5
gY

2

8p2 @BYQ81dBYY#. ~11!

This can now be directly integrated with the result

d~ t !52
BYQ8
BYY

F12F11
aUBYY~ tU2t !

2p G21G , ~12!

where we have imposed the boundary condition thatd(t)
vanishes at the GUT scaleMU since we assume that com
plete multiplets exist there. The weak scale parameterd rel-
evant for the Z8 couplings is obtained when we sett
; log MZ so that tu2t5 log(MU /MZ)5L in the expression
above. Note thatd grows as the value ofBYQ8 increases.
From this expression it is obvious that we need to have
01502
s

many split multiplets as possible at low energies in order
enhance the value ofd. Knowing d( l ) then allows us to
rewrite the RGE forgQ8

2 as

dgQ8
2

dt
5

~gQ8
2

!2

8p2 @BQ8Q812d~ t !BYQ81d2~ t !BYY#, ~13!

which also can be integrated analytically. Defining the co
binationz5aUBYYL/2p we find

gQ8
22

~MZ!5
aU

21

4p
1

BQ8Q8L

8p2

3F12
BYQ8

2

BYYBQ8Q8

z

11z
G , ~14!

from which the coupling strength parameterl can be imme-
diately calculated. We are now set to examine the valuesd
andl that can arise in a given model.

III. MODELS AND RESULTS

In order to proceed we must consider how the low ene
particle content of our models is to be chosen. These
follow from the following set of basic model building as
sumptions.

The SM gauge couplings, together with that of the n
U(1)8, are assumed to perturbatively unify at a high scale
in the MSSM. This has two immediate consequences:~i! we
can add only sets of particles that would form complete m
tiplets underSU(5), at least as far as their SM quantum
0-5
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THOMAS G. RIZZO PHYSICAL REVIEW D 59 015020
numbers are concerned.~ii ! The number and types of new
fields is restricted since perturbative unification is lost if t
many multiplets@18# are added.

All anomalies including those associated with the n
U(1)8 must cancel amongst the low energy matter fields
the model.

Additional matter multiplets beyond those contained
the MSSM must be vector-like with respect to~at least! the
SM. This not only helps with the anomaly problem but a
lows these new light fields not to make too large of a co
tribution to the oblique parameters@19# forcing a conflict
with precision electroweak data. When combined with
above requirements this tells us that at low energies we
add at most four515̄’s or one 515̄ plus one10110, in
addition to SU(5) singlets, to the MSSM spectrum. A
higher dimensional representations are excluded. Note
the addition of SM orSU(5) singlets will leaved invariant
since neitherBYY or BYQ8 will be changed. However,BQ8Q8
is altered in this case leading to a shift in the value ofl.

The new matter fields are assumed to be low energy
vivors from either27127’s or from 78’s of E6 since these
are automatically anomaly free even under the fullE6 gauge
group and may arise from strings.

Given this set of conditions we can consider a numbe
specific cases beginning withE6 itself.

A. E6

Here we know that the low energy theory contains th
27’s as well as a pair of ‘‘Higgs’’ doublets, which we labe
as H1 , H1

c to avoid confusion with the members of the27,
as in the MSSM. Complete27’s are necessary so that th
U(1)u anomalies cancel for arbitrary values ofu. @The case
u5290° corresponding to theZ8 from SO(10) will be dis-
cussed separately in the next subsection.# These ‘‘Higgs
fields’’ are then the minimal split multiplet content at lo
energies.~‘‘Higgs fields’’ is here in quotes as we really mea
a pair of superfields with Higgs-like quantum numbers wh
may or may not obtain vacuum expectation values. In p
ciple some combination of the fieldsH1 /H1

c and those in the
27 will play the role of the Higgs doublets in the MSSM.! As
was pointed out early on, the theory without these ex
‘‘Higgs fields’’ and only theH/Hc components of the27’s
responsible for spontaneous symmetry breaking, will
unify @20#. These ‘‘Higgs fields’’ must arise from either
27127 or 78 to avoid anomalies. Since the three27’s al-
ready contain three pairs of515̄ in addition to singlets in
comparison to the MSSM, we are free at most to only ad
single ~ersatz! 515̄ to the low energy spectrum. Since th
H1 , H1

c fields also originate from a515̄ it is necessary to
examine theU(1)c,x quantum numbers of these addition
fields since this is all that distinguishes amongst them. T
27127 contains three different choices:~1! 5(22,2)15̄(2,
22), ~2! 5(2,2)15̄(22,22) and ~3! 5(21,23)15̄(1,3),
where the numbers in the parentheses are theQc,x quantum
numbers as normalized in Table I. The78 on the other hand
contains only one candidate~4! 5(3,23)15̄(23,3); this last
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case corresponds to the field content of the ‘‘minima
model presented by Babuet al. when h-type couplings are
assumed@10#. For each of these cases the corresponding c
tributions toBYQ8 andBQ8Q8 can immediately written down
~The contribution of the three27’s to BQ8Q8 is 9, indepen-
dently of u.! For example, defininga5cosu/(2A6) and b
5sin u/(2A10) one easily obtains the results for theH1 /H1

c

fields for each of the cases~1!–~4! is given by

BYQ8~1!524A3

5
~a1b!,

BYQ8~2!54A3

5
~a2b!,

BYQ8~3!52A3

5
~2a13b!,

BYQ8~4!56A3

5
~a1b!, ~15!

and, correspondingly,

DBQ8Q8~1!516~a21b212ab!,

DBQ8Q8~2!516~a21b222ab!,

DBQ8Q8~3!54~a219b226ab!,

DBQ8Q8~4!536~a21b212ab!. ~16!

The contribution of the color triplet pieces of the same5
15̄’s is identical forBQ8Q8 and of opposites sign forBYQ8 .

As discussed above there are thus only two possible s
cases to consider. Either~i! H1 /H1

c is the only pair of light
superfields beyond the three27’s or ~ii ! the field content of
an additional515̄ is also present. In case~i! we know im-
mediately thatbs50, bL54 andBYY548/5. The values of
both BQ8Q8 and BYQ8 can also be directly calculated a
above but depend visibly upon the choice,~1!–~4!, into
which we embed theH1 /H1

c fields as well as the value ofu.
With only 4 choices for theH1 /H1

c quantum numbers, the
calculation is straightforward and we arrive at the resu
shown in Fig. 3.~For numerical purposes we have tak
as(MZ)50.119 @21#, aem

21(MZ)5127.935@22# and sin2 uw

50.23149@1#; our results depend only weakly on these p
ticular choices.! From the figure several observations are i
mediate. First, bothd andl are constrained to rather narro
ranges and leptophobia is not obtainable. Second, the
cific predicted values ofd andl depend quite sensitively on
the embedding choices~1!–~4!. Lastly, bothd andl are also
strongly u dependent but the choice ofh couplings, i.e.,u
.37.76°, extremizes their values. Sinced→0 andl→1 as
we raise the survivor mass scale aboveMZ , the curves ac-
tually represent the extreme boundaries of the param
range obtainable for these quantities for case~i!. Note that
0-6
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GAUGE KINETIC MIXING AND LEPTOPHOBIC Z8 IN . . . PHYSICAL REVIEW D 59 015020
FIG. 3. Predicted extreme values of the parametersd ~right! andl ~left! for four E6 case~i! possibilities discussed in the text. The dotte
dashed, dash-dotted and solid curves correspond to the embedding choices~1!–~4!, respectively.
ce
u-
t

.,
for h couplings andH1 /H1
c embedding~4! we recover the

value d.20.11 obtained@10# by Babu et al. in their so-
called ‘‘minimal’’ model.

In case~ii ! the situation is somewhat more complex sin
the low energy spectrum now contains two ‘‘Higgs’’ do
blets,H1,2/H1,2

c as well as a pair of isosinglet, color triple
superfields,D1 , D1

c . This uniquely fixes the valuesbs51,
01502
bL55 andBYY553/5 but allows for 43564 possible~but not
necessarily independent!, u-dependent values forBYQ8 and
BQ8Q8 . We can label our cases by the triplet~i,j,k! where the
first ~second, third! index labels the embedding choice, i.e
~1!–~4!, for the fieldH1 /H1

c(H2 /H2
c ,D1 /D1

c). For example,
we may chooseH1 /H1

c to be from~1!, H2 /H2
c from ~3! and

D1 /D1
c from ~4! and we would label this subcase as~1,3,4!.
ns
FIG. 4. Boundaries of the allowed ranges ford ~right! andl ~left! for the 64 case, type~ii ! E6 models discussed in the text as functio
of the mixing angleu.
0-7
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All of the contributions can be directly obtained from the la
two equations by choosing appropriate combinations.

We have calculated bothd andl for each of the 64 cases
Fig. 4 shows the ‘‘envelope’’ of the range of values ofd and
l as functions ofu. In all cases the actual values must
within the ‘‘envelope.’’ Several observations are possib
from these results. First, independently of the value ofu, we
obtain the bounds20.286<d<0.250 and 0.791<l<1.080
so that exact leptophobia is not achieved anywhere in

FIG. 5. Calculated values of the parametersd andl for the 68
54164 E6 models from cases~i! and ~ii ! discussed in the tex
when h-type couplings are assumed. The vertical dashed line
responds to exact leptophobia. Almost all points are multiply oc
pied.
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parameter space.~Just how close we are to leptophobia w
be discussed below.! The minimum@maximum# value of d
.20.286@10.250# is achieved forh-type couplings with
the embedding~4,4,1!@~1,1,4!# which corresponds to the so
called ‘‘maximal’’ model of Babuet al. @10#. The extrema
for l, i.e., l50.791@1.080# are obtained for embedding
~4,4,4!@~1,1,1!# for h-type couplings andu5252.24°
~model I!, respectively. Interestingly, the range ofd is suffi-
ciently narrow so that none of the models listed in Table
can achieve leptophobic conditions. Next, we note tha
further contribution to apparent leptophobia can occur in
h coupling region since it is there that one obtains the sm
est values ofl, rescaling the couplings to smaller value
~Recall, the Drell-Yan rate for theZ8 scales asl2.! It would
be nice to perform a two-loop RGE calculation to veri
these leading order results once these equations bec
available.

As models withh-type couplings are the only potentia
candidates for leptophobia, it is interesting to know the e
plicit d2l correlation in this case. We display in Fig. 5 a
of the 20 distinct solutions ford andl assuming this value o
u for models of either case~i! or ~ii !. To access just how
leptophobic these models can be we calculated theZ8 search
reach in each case for both the Tevatron run II and LH
following the procedure used to obtain Fig. 1. At the Tev
tron, except for the most leptophobic case, the search rea
lie in the range 724–932~970–1150! GeV for an integrated
luminosity of 2~30! fb21 and generally conforms to the usu
expectations. In the most leptophobic case,~4,4,1!, these val-
ues drop to only 524~778! GeV, which is not great but far
from nonexistent. At the LHC with a luminosity of 100 fb21,
the mass reaches for all but the most leptophobic case li

r-
-

s

FIG. 6. Calculated values for the vector and axial vector couplings for leptons~right! andb-quarks~left! arising from the 68 modelsE6

models with kinetic mixing discussed in text in comparison to otherZ8 models as in Fig. 2. Completeu2d2l constraints and correlation
are included.
0-8



GAUGE KINETIC MIXING AND LEPTOPHOBIC Z8 IN . . . PHYSICAL REVIEW D 59 015020
FIG. 7. Distinct values ofd and l for the models associated with the twoSO(10) subcases~i! ~right! and ~ii ! ~left! discussed in
the text.
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the range 3305–4415 GeV, this then drops to only 2730 G
in the ~4,4,1! case. Again this limit is poor relative to th
others but it is quite substantial. Thus although the~4,4,1!
model is as close to leptophobia as possible, theZ8’s lep-
tonic couplings remain large enough for this particle to
observed in Drell-Yan collisions but with a somewhat r
duced reach.

Since the allowed ranges for bothd andl are reasonably
restricted for these 68 models we would expect that the p
sibility of confusing aE6 Z8 with that of a different model
would be at least somewhat reduced. Figure 6 shows
regions of coupling parameter space allowed by
u-dependentd andl constraints obtained above. The regio
are seen to be somewhat smaller than those shown in
more pessimistic Fig. 2 wherel was set to unity andd was
free to vary over the range21/2<d<1/2. There is certainly
a significantly smaller overlap between theE6 model predic-
tions and those of otherZ8 models making in likely that
these classes of models would be distinguishable given
ficiently precise data and combining the results obtained
different flavor fermions.

B. SO„10…

In some sense theSO(10) case is easier to deal with tha
is E6 since here the parameteru5290° is completely fixed.
On the otherhand, the number of split multiplets that we c
add at low energies is much larger thereby increasing
number of subcases to be examined. The reason for th
that, unlikeE6 , the low energy content need only consist
the three16’s of SO(10), plus the ‘‘Higgs’’ fieldsH1 /H1

c

for the anomaly cancelation constraint to be satisfied. T
means that, as in the MSSM, we may add~i! up to four 5
15̄ ersatz pairs or~ii ! one10110 either with or without an
01502
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extra515̄ to this low energy content without a loss of pe
turbative unification. Of course in none of these cases w
leptophobia be achieved but we will be able to constrain
range of allowed values for bothd and l. Given this
potentially/large split multiplet field content at low energi
it will be no surprise to find that these ranges are sign
cantly larger than what was obtained above in the more c
strained case associated withE6 . For n5515̄’s and n1010
110’s, we already know from the MSSM thatbL511n5
13n10, bs5231n513n10 and BYY5bY533/51n5
13n10 with n5>1 andn10>0. Similarly, we also know the
contribution of the three16’s to BQ8Q856. To be more spe-
cific we need to examine the two individual cases indep
dently.

In case~i! we are again dealing only with particles that l
in the 515̄ as we did forE6 . The particle content can b
thought of as 3•16’s% H1 /H1

c
% n@Hi /Hi

c1Di /Di
c# with 0

<n<4. Looking back at theE6 case we see that there a
only two possiblex quantum number assignments for the
fields:~1! 5„2…15„22… and~2! 5„23…15„3…. For fixedn, we
may have (nH ,nD) fields of type ~1! and ~n112nH , n
2nD! of type ~2! with 0<nH<n11 and 0<nD<n. Freely
varying nH,D within their allowed ranges there ar
2~6,12,20,30! subcases forn50(1,2,3,4), for a total of 70.
Here we find

BYQ8~ i !5
6

5
A3

5 F11
5

3
~nD2nH!G , ~17!

and

DBQ8Q8~ i !50.4nH10.6nD10.9~n5112nH!

11.35~n52nD!. ~18!
0-9
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FIG. 8. Predicted values of the vector and axial vector couplings in the 134564170 SO(10) cases discussed in the text compared w
the predictions of other models as in Fig. 2. Note the expanded scale in the present plots.
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From these considerations we can immediately calculate
values ofd andl which depend uponn, nH andnD ; these
are shown in the top part of Fig. 7. Here we see that
results fill in a large crescent shaped region which extend
rather large values of bothd andl21 in comparison to the
E6 case as we anticipated from the large split multiplet c
tent.

In case~ii ! we have a single10110 which may or may
not be accompanied by an additional515̄ so thatn1051 and
0<n5<1. The possiblex quantum numbers of the515̄ are
given above and there are also two possibilities for the10
110, i.e., 10„21…110„1… or 10„4…110„24…. The particle
content can be thought of symbolically as 3•16’s% H1 /H1

c

% n5@Hi /Hi
c1Di /Di

c# % @Q/Qc,E/Ec,U/Uc#, with 0<n5

<1 and, as in case~i!, 0<nH<n511 and 0<nD<n5 . If
nQ(nU ,nE) fields come from10„21…110„1… then 12nQ(1
2nU,12nE) come from10„4…110„24… since there is only
one possible10110 allowed. Clearly 0<nQ,E,U<1 inde-
pendently of one another thus leading to a total of 64 s
cases. We find for case~ii ! the values

BYQ8~ i i !5
6

5
A3

5 F11
5

3
~nD12nU2nQ2nE2nH!G ,

~19!

and

DBQ8Q8~ i i !5DBQ8Q8~ i !182
3

4
@nE13nU16nQ#.

~20!

From which we can immediately calculate the values od
and l; these are shown in the bottom part of Fig. 7. As
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case~i!, the spread ofd and l values obtained for case~ii !
remains significantly larger than inE6 but less so than cas
~i!.

Due to the wide spread in the values of theSO(10) Z8
couplings in the presence of KM, we may wonder if th
hadron collider search reaches are drastically altered. At
Tevatron, we find that the search reaches lie in the ra
824–938~1040–1208! GeV for an integrated luminosity o
2~30! fb21 and qualitatively conform to the usual modelx
expectations, e.g., 864 GeV for 2 fb21, in the absence of
KM. At the LHC with a luminosity of 100 fb21, the mass
reaches lie in the range 4100–5315 GeV again bracketing
non-KM expectation.

What about theZ8 couplings themselves? These are co
pletely specified by the values ofd andl and are shown in
Fig. 8 for all of the 134 subcases. Notice that they spa
large range but tend to cluster near, but not necessarily
top of, those of the LRM. We recall from our earlier discu
sion than in the absence of KM the modelx couplings are
exactly the same as those of the LRM withk25(gR /gL)2

55/3@xw /(12xw)#. It is apparent from the figure that onc
KM is turned on there is no obvious relationship between
two sets of couplings, though they do seem to track o
another. A short analysis, however, shows that there d
exist a value ofk in the LRM for which theratios of cou-
plings are the same as in thex model with KM for any value
of d. This means that for this value ofk the couplings of the
LRM andx model with KM are identical apart from an ove
all normalization. This is easily proved by considering bo
the general form of the LRM couplings and rememberi
that the value ofQx can be written as a linear combination
T3R and Y, whereT3R is the third component or the right
handed weak isospin. Specifically we find that corresp
dence in the couplings between the two models occurs w
0-10
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GAUGE KINETIC MIXING AND LEPTOPHOBIC Z8 IN . . . PHYSICAL REVIEW D 59 015020
FIG. 9. Correlations in the values of observables used to extractZ8 coupling information at hadron colliders as discussed in the text.
diamonds are the predictions of theSO(10)-inspiredx model with KM. The solid~dashed, dotted! curves correspond to theE6 model
without KM, the LRM and the Un-unified Model, respectively. The letters ‘‘A,L,U,S’’ label the predictions for Ma’s model, the LRM with
k51, the Un-unified Model and a heavy SMZ8, respectively.
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k25
5xw

3~12xw!
@12A6d/3#21, ~21!

and we see the conventional well-known result is recove
whend→0. Except for whend is large and negative,.21,
this equation has a solution in the physical region of
LRM, i.e., k2.xw /(12xw). This result has very importan
implications to issues involving aroundZ8 coupling determi-
nations at colliders.

As is well known, most techniques aimed at identifying
new Z8 at hadron colliders@13,16# actually employ observ-
ables which only determine various ratios of fermionic co
plings. The extraction of coupling information from oth
observables, such as theZ8 total width, are not only subjec
to larger systematic errors but depend on assumptions a
how theZ8 can decay. As we have just seen the ratios
SO(10)-inspiredx model couplings in the presence of KM
can be easily mimicked by those of the LRM with a suitab
chosen value of thek parameter. Thus theZ8’s of these two
models could be easily confused.

As an example of this, let us consider the production o
.700 GeVZ8 at the Tevatron during run II. After a few fb21

of luminosity are available several 100’s of events in t
dilepton channel will have been collected. Give the limit
statistics, only a few of the variously proposed observab
can be used to examine theZ8 coupling. In addition to the
charged lepton forward-backward asymmetry,Af b , one
might measure the relative cross section inbb̄ final states,
Rbl , as suggested by@23#, or the polarization of one of the
t’s, Pt , in Z8→t1t2, as suggested by@24#. Figure 9 shows
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the correlations amongst these observables and, in partic
compares the LRM predictions with those of thex model
with kinetic mixing. We see immediately that the two mo
els would be quite easily confused. Of course, in the LR
case aW8 also exists with a mass somewhat less than theZ8;
finding theW8 may be the only way to distinguish these tw
cases.~In some cases, finding theW8 may also be difficult
@16#.!

At lepton colliders operating below theZ8 production
threshold, measurements made at a singleAs are insensitive
to the overall normalization of theZ8 couplings. Their ap-
parent values can be easily adjusted by a simple rescalin
the Z8 mass. This weakness can be overcome at lepton
liders, however, by combining measurements taken at s
eral distinct values ofAs @16,25#. Thus, in principle, lepton
colliders can be used to distinguish the LRM andx model
with KM cases. Of course, if such a machine can operate
theZ8 pole and the coupling normalization determined, the
will be no ambiguities inZ8 model identification.

IV. DISCUSSION AND SUMMARY

In this paper we have performed a detailed examination
the magnitude and influence of gauge kinetic mixing on c
plings of theZ8’s which originate from eitherE6 or SO(10).
These mixing effects were shown to be completely descri
by the values of the two parametersd and l which can be
obtained via a renormalization group analysis. After intr
ducing several model building assumptions we numerica
analyzed the 68E6 and 134SO(10) models to which these
assumptions naturally led. The values of bothd andl were
0-11
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calculated for both sets of models, in particular, as functi
of the mixing angleu in the E6 cases.

For the E6 models, since the number of additional lo
energy matter representations inducing kinetic mixing w
constrained to be rather limited due to our model build
assumptions, the allowed ranges of both parameters
shown to be quite restricted. Furthermore, we demonstr
that exact leptophobia, which occurs whend521/3 for the
conventionalE6 particle embedding in modelh, is impos-
sible to achieve in any of these models. This result w
shown to be independent of how the fermions and additio
vector-like matter fields necessary to induce kinetic mix
are embedded in GUT representations. In the case which
closest to being leptophobic, we determined that the lepto
couplings of theZ8 were sufficiently large to render it visibl
in Drell-Yan collisions at both the Tevatron and the LHC. O
course in comparison to models where kinetic mixing is
sent the reach for such aZ8 was found to be significantly
reduced by.40%. Furthermore, in the generalE6 case, we
showed that the couplings of theZ8 remain sufficiently dis-
tinct from those of other models, such as the left-right mod
that they could be easily identified once sufficient statis
becomes available at future colliders. We demonstrated
this result would not hold if the magnitude of the kinet
mixing contributions to theZ8 couplings were left unre-
stricted.

For theSO(10)-inspiredx models, the potential effects o
re
r-
o

nn
n

v.

da
ra

th

,
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kinetic mixing were shown to be more pronounced~though
leptophobia can never arise in these scenarios!. This is due to
the much larger range of split multiplets that may be int
duced in this case while still satisfying our model buildin
assumptions. In many cases kinetic mixing was shown
lead to values ofl significantly greater than unity which
resulted in increased discovery reaches for theseZ8 at both
the Tevatron and LHC. Qualitatively, the significantly e
panded range of allowedx couplings were found to track
those of the LRM. In particular, we demonstrated that for
allowed values ofd there exists a corresponding value of t
LRM parameterk for which the couplings in the two theo
ries are identical apart from an overall normalization. Th
was shown to have a serious impact onZ8 model discrimi-
nation at hadron colliders as well as at lepton colliders unl
data taken at multipleAs values is available foe analysis.

The influence of gauge kinetic mixing leads to an enric
ment in the phenomenology of new gauge bosons. Hopef
such particles will be found at future colliders.
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