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The phenomenology of an additionalU(1) neutral gauge bosonZ8 coupled to the third family of fermions
is discussed. One might expect such a particle to contribute to processes where taus,b and t quarks are
produced. Precision data from CERN LEP1 put severe constraints on the mixing and heavy-boson mass. We
find that the effects of such a particle could not be observed at hadronic colliders, be it at the Fermilab Tevatron
or the CERN LHC, because of the QCD background. At LEP2 and futuree1e2 linear colliders, one could

instead hope to observe such effects, in particular, forbb̄ final states.@S0556-2821~98!02217-6#

PACS number~s!: 12.60.Cn, 13.65.1i, 14.70.Pw
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I. INTRODUCTION

We study phenomenological implications of the break
of universality in weak interactions. Particular attention
paid to the signatures of new heavy elementary vector
ticles (Z8 bosons!, which can be detected at present or futu
high-energye1e2 and hadron colliders. As the quarks of th
third family (t andb) are significantly heavier than those
the other two families, one may speculate that such a bo
may be involved in the formation of this difference, an
thereby interact directly with thet andb quarks~as well as
the t and nt) and only much more weakly with the lighte
quarks and leptons, solely due to radiatively created mixin

Both the phenomenology ofZ8-boson production and the
oretical models for its dynamics are considered. A theoret
extension of the standard model adopting a new heavyZ8
boson may need to include more unknown heavy fermi
and scalar Higgs bosons. Otherwise the quantum anom
break unitarity and the mass pattern for heavy fermions
violate experimental bounds on deviations from the stand
model in the low energy data.

There can be a variety of possible models depending
the strength of the vector and axial-vector couplings of
Z8 to quarks and leptons. Additional bosons naturally app
in grand unification theories@1,2#. The left–right-symmetric
model also contains at least oneZ8 boson@3#.

Usually theseZ8 bosons interact universally with the fe
mions of all families; the phenomenology of such partic
was considered by several authors@1,2,4,5#. There exists a
scheme in which grand unification symmetry breaking le
to the formation of a so-called ‘‘leptophobic’’ and ‘‘hadro
philic’’ Z8 boson, which interacts only with hadrons. Th
phenomenology of such bosons was also considered@2,6,7#.
A related idea has been advanced by Okun and collabora
who consider a ‘‘leptonic’’ photon@8#.

A scheme with the breaking of universality in weak inte
actions has been studied by Dyatlov@9# in connection with
the problem of the fermion mass hierarchy. It was shown t
0556-2821/98/58~7!/075001~16!/$15.00 58 0750
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a neutral gauge boson interacting differently with the hea
est fermions naturally leads to a realistic mass hierarchy
Kobayashi-Maskawa mixing matrix. The phenomenology
a Z8 interacting only with the quarks of the third family wa
considered recently by Holdom@10#, by Frampton, Wise and
Wright @11#, by Malkawi, Tait and Yuan, and by Muller an
Nandi @12#.

Irrespective of the scheme of theZ8-boson embedding
into an extended electroweak theory one should know
feasibility of detecting such a particle at a particular acc
erator. Various high-energy colliders have been examined
that purpose: hadronic colliders@Fermilab Tevatron and the
CERN Large Hadron Collider~LHC!#, CERNe1e2 collider,
LEP2 and future electron-positron colliders@Next Linear
Collider ~NLC!#.

For pp̄ andpp colliders the main production mechanism
are the following:bb̄-quark annihilation~from the small sea
contribution in protons! near theZ8 peak, quark-antiquark
annihilation into aZ with conversion of theZ into a Z8 due
to the small mixing and also gluon-gluon fusion. TheZ8

boson is assumed to be detected through an excess ofbb̄ or
t t̄ hadronic jets. Other processes are suppressed by kine
ics and due to small coupling constants. Numerical estima
have been made to determine whether theZ8 signal can com-
pete with the two-jet background originating from no
resonant processes. The conclusion is that the direct ob
vation of a heavyZ8 ~heavier than theZ) with moderate
coupling constants tob and t quarks is impossible at thepp̄
Tevatron collider and unlikely even at the LHC.

The most interesting possibility is to investigate the fe
sibility of a Z8 discovery at LEP2@13# and the next genera
tion of e1e2 colliders whose design is now intensively di
cussed@14#. For these colliders the background oft1t2 and
two (bb̄ or t t̄ ) jets is significantly lower than for the previ
ous types of colliders; therefore there is a possibility of ha
ing kinematical windows for detecting aZ8 boson.

The paper is organized as follows: In Sec. II we set up
notation and discuss constraints on theZ8 from electroweak
© 1998 The American Physical Society01-1



n

he
ly
o

tra
e

ng
e

ss

er

r

:

nd
-
-
e
ters

-

o

n-
the

lec-

A. A. ANDRIANOV et al. PHYSICAL REVIEW D 58 075001
precision data. In Sec. III we consider production at hadro
colliders, and in Sec. IV we considere1e2 colliders. Section
V contains a brief summary. In Appendix A we discuss t
constraints on the~expanded! scalar sector due to anoma
cancellations, and in Appendix B we give some formulas
the QCD background.

II. MODEL PARAMETERS AND EXPERIMENTAL INPUT

We consider a model with an additional massive neu
U(1) gauge bosonZ8. The Lagrangian can be written in th
form

L5LSM1LZ8

whereLSM is the full Lagrangian of the standard model~SM!
andLZ8 is an additional term:

LZ85LYM1LHiggs1Lint .

HereLYM is the usual free Yang-Mills Lagrangian for theZ8
boson,LHiggs the Lagrangian for scalar particles interacti
with the Z8 ~one may consider different choices for th
Higgs sector—some possible Higgs structures are discu
in Appendix A—see also@11,15#!, andLint specifies the in-
teractions of the additional neutral boson with fermions.

A. Additional NC interactions

We assume that theZ8 interacts only with fermions of the
third family. Then the neutral-current~NC! Lagrangian is of
the form @2#

2LNC5eJem
m Am1gZJmZm1gZ8J8mZm8 , ~2.1!

where the first two terms are just those of the SM andJ8m

involves only the third-family fermions,t, b, t andnt . This
form of LNC corresponds to the case where the newU(1)
neutral gauge particle is not mixed with the photon@15#.

In the usual notation of the SM one hasgZ5g/cosuW ,
while gZ8 is a phenomenologically free parameter. Howev
in more complete theories involvingZ8 @i.e., grand unified
theories~GUT! or left-right ~LR! models#, the value ofgZ8 is
tightly connected togZ @2,7#:

gZ85A5

3
sin uWAlgZ , ~2.2!

wherel is usually in the range 2/3–1@2#. This means that
the maximum value is

gZ8 /gZ'0.62. ~2.3!

We shall use this constraint in most of the numerical wo
that is presented.

Let us write down the Lagrangian for interactions of theZ
andZ8 with the fermions of the third family:
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2LZZ85gZZm (
f 5tbtnt

c̄ fg
m~v f2afg5!c f

1gZ8Zm8 (
f 5tbtnt

c̄ fg
m~v f82af8g5!c f . ~2.4!

The parametersv f andaf are defined in the SM as follows

v f5
1
2 T3L2sin2uWQ, af5

1
2 T3L , ~2.5!

whereT3 andQ are the third component of weak isospin a
of electric charge, respectively~we suppress their flavor in
dices!. The parametersv f8 andaf8 represent the chiral prop
erties of theZ8 interactions with fermions and the relativ
strengths of these interactions. One of all these parame
for all fermions can be absorbed intogZ8 , and in order to
avoid this we normalizevt8

21at8
25 1

2 ; this normalization
was used in@7# when obtaining Eq.~2.2!. However, in our
model the quantityv f8

21af8
2 may vary from fermion to fer-

mion. The cancellation of Adler-Bell-Jackiw~ABJ! anoma-
lies restricts the possible choice ofv f8 and af8 and will be
discussed in Appendix A.

The weak eigenstatesZm andZm8 may be mixed so that the
mass eigenstates are

S Z1

Z2
D5S cosj sin j

2sin j cosj
D S Z

Z8 D . ~2.6!

Then the well-known value of the SMZ-boson mass corre
sponds in this model to theZ1 mass (M1), while the mass of
the Z2 boson (M2) is, of course, unknown. It is possible t
rewrite Eq.~2.4! in terms of the mass eigenstates:

2LZ1Z2
5gZFZ1m (

f 5tbtnt

c̄ fg
m~v f 12af 1g5!c f

1Z2m (
f 5tbtnt

c̄ fg
m~v f 22af 2g5!c f G , ~2.7!

where

v f 15cosjv f1
gZ8
gZ

sin jv f8 , af 15cosjaf1
gZ8
gZ

sin jaf8 ,

v f 25
gZ8
gZ

cosjv f82sin jv f , af 25
gZ8
gZ

cosjaf82sin jaf .

~2.8!

The introduction of mixing between theZ andZ8 changes
the couplings of the SM, which are extracted from the co
ventional experimental input. In fact, in the SM one has
standard electroweak input@16# of a(0), GF @17# together
with MZ5(91.186360.002) GeV@18#. This input contains
enough parameters for the determination of the SM e
troweak coupling constantsg andg8 of SU(2)L andU(1)Y ,
respectively, and the Higgs vacuum expectation valuev. In
order to do this let us introduce the following quantities:
1-2
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m2[
pa~0!

A2GF

'~37.280 GeV!2 ~2.9!

and @19,20#

r[
GF

NC

GF
CC

~2.10!

whereGF
NC is the four-fermion NC Fermi coupling consta

in the limit of zero momentum transfer. At the tree level t
r parameter can be defined asr05MW

2 /(MZ
2cos2uW) and in

the SM r051 due to the doublet Higgs structure, while
the one-loop level it acquires radiative corrections1 @19#

r[
1

12DrT
, DrT'

3GF

8p2A2
mt

2'0.01. ~2.11!

Then it is possible to express the couplings of Eq.~2.4! in
terms of the above-mentioned input@15#:

gZ5~4A2GFMZ
2r!1/2, ~2.12!

sin2uW5
1

2
2A1

4
2

m2

rMZ
2

a~MZ!

a~0!
. ~2.13!

It should be stressed that the angle introduced above di
from the conventionally defined Weinberg angle:

sin2u0cos2u05
m2

MZ
2

a~MZ!

a~0!
. ~2.14!

The one-loop expression for this difference can be found
@21#.

In the extended model the mass of the weak eigens
MZ ~i.e. the matrix element of the mass operator! is un-
known: it is related to the mass valuesM1 and M2, and to
the mixingj, as

tan2j5
MZ

22M1
2

M2
22MZ

2
. ~2.15!

As a result,for non-zero mixing angles there are corre
tions to the Weinberg angleuW and gauge couplings g an
g8. They acquire dependence, now not only from the st
dard electroweak input, butfrom the parameters of the ex
tended model(j, M2) as well. This means that the results o
a measurement of other electroweak quantities may be
to restrict these parameters.

Following @15# one finds that in the extended model E
~2.13! should be modified byMZ→M1, while ther param-
eter acquires additional contributions at the tree level:

from theZZ8 mixing (DrM),

1For bb̄ final states there are extra vertex corrections@15#.
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rM511sin2jS M2
2

M1
2

21D 5
11~M2

2/M1
2!tan2j

11tan2j
;

~2.16!

from the additional Higgs sector—related to the pattern
symmetry breaking (DrSB) ~the scalar sector of this theor
necessarily contains additional Higgs fields!,

so that

r5rSB•rM•rT5
1

12Dr
,

Dr5DrSB1DrM1DrT , ~2.17!

whererSB and rM contain tree-level corrections due to th
extension of the model, whereasrT contains the SM radia-
tive corrections~dominated by the top quark!. Of course, in
the extendedZ8 model there exist additional radiative co
rections to ther parameter, which can even be rather lar
since there is no decoupling of the heavy particles for th
corrections, but we restrict ourselves by considering only
tree-level effects of the non-standard particles.

If the scalar sector of the theory contains only doubl
and singlets of theSU(2)L group, one hasDrSB50. In fur-
ther considerations we shall use this assumption by defa

B. Existing bounds on theZ8 mass

A Z8 would contribute with full strength to the decay o
Y states tot1t2, suppressed only by theZ8 propagator. The
moderate agreement of the branching ratio@17#

B ~t![
G„Y~1S!→t1t2

…

G„Y~1S!→all…
50.029760.0035, ~2.18!

with

B ~e!50.025260.0017, B~m!50.024860.0007,
~2.19!

implies that theZ8 mass cannot be too low.
Let us estimate this lower bound. Since theY(1S) is a

natural-parity state, only the vector part of the hadronic c
rent contributes to its decay. Hence, no restriction can
obtained for the pure axialZ8bb̄ vertex withoutZZ8 mixing
@such mixing effects are small, and will be omitted from t
discussion ofY(1S) decay#. For couplings involving the
vector current, one may obtain a lower bound on theZ8
mass: MZ8.50 GeV for vector-vector chiralities~in the
Z8bb̄ andZ8t1t2 vertices!, MZ8.22 GeV for the vector–
axial-vector case, andMZ8.35 GeV for the LL, RR, LR and
RL cases.

Another kind of restriction can be obtained from ther
parameter, as discussed above. If one combines the LEP
sults with theMW /MZ value, it is possible to conclude tha
@22#

231023,Dr,831023 for 150 GeV ,mt,200 GeV
~2.20!
1-3
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and 70 GeV,mH,1000 GeV. Under the assumption th
DrSB50, this leads to

1&rM&1.005. ~2.21!

The lower bound onrM implies thatM2.M1.
However, one should keep in mind that these constra

are valid only under the assumption thatrSB51, which re-
quires a certain simple structure of the Higgs sector. Fo
more general scalar sector one has@23#

rSB511
(all H^H0

†u~TW 223T3
2!uH0&vac

2(all H^H0
†uT3

2uH0&vac

. ~2.22!

For Higgs fields with isospin higher than 1/2,rSB may be
less than unity and the above-mentioned constraints are
moved.

III. HADRONIC PRODUCTION

The hypotheticalZ8 boson could be produced in proton
proton ~antiproton! collisions through direct Drell-Yan-like
coupling ofb andb̄ sea quarks, through gluon-gluon fusio
with the gluons coupled tob or t quark loops, as well as
throughZZ fusion andWW fusion. We shall consider thes
mechanisms in turn in the following, focusing first on th
prospects for producing such vector bosons at the Ferm
Tevatron, and then turn to the LHC in Sec. III D. In th
section we consider the limit of noZZ8 mixing, which im-
plies MZ85M2. Also, we shall here disregard the constra
~2.3!, letting Z8 couplings be ofO(1).

A. Direct production by bb̄ annihilation

The vector bosonZ8 may be produced by the direct Drel
Yan mechanism, i.e. annihilation of ab quark from one pro-
ton ~or antiproton! and ab̄ from the other. The matrix ele
ment is proportional to

M5gZ8
2

@ v̄~p2!gm~vb82ab8g5!u~p1!#
2gmn1kmkn /MZ8

2

k22MZ8
2

1 iM Z8GZ8

3@ ū~q!gn~vq82aq8g5!v~ q̄!#, ~3.1!

where p1 and p2 are the relevant parton momenta of t
incident proton and antiproton, withk5p11p2, andq andq̄
the final-state quark and antiquark momenta. The co
sponding polarization-averaged square becomes

uM u25
4gZ8

4

~k22MZ8
2

!21~MZ8GZ8!
2
$X01mb

2Xb1mq
2Xq

1mb
2mq

2Xbq1mb
4Xbb1mq

4Xqq%, ~3.2!

wheremq (5mb or mt) denotes the mass of the final-sta
quarks and
07500
ts
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X05 1
2 ~vb8

21a8b
2!~vq8

21aq8
2!~ t̂21û2!

12vb8ab8vq8aq8ŝ~ t̂2û!,

Xb5~vq8
21aq8

2!@3~vb8
21ab8

2!~ ŝ12 t̂ !12vb8
2ŝ#

112vb8ab8vq8aq8ŝ,

Xq5~vb8
21ab8

2!@3~vq8
21aq8

2!~ ŝ12 t̂ !12vq8
2ŝ#

112vb8ab8vq8aq8ŝ,

Xbq54$vb8
2v8q

21ab8
2aq8

2@322~ ŝ/MZ8
2

!

1~ ŝ/MZ8
2

!2#%,

Xbb5Xqq52~vb8
21ab8

2!~vq8
21aq8

2!, ~3.3!

with ŝ5k2, t̂5(p12q)2, andû5(p12q̄)2.
For the decay of theZ8 ~of massMZ8) to a fermion-

antifermion pair ~of massmf), we find the partial decay
width at the tree level:

G f5
gZ8

2 MZ8

12p
A12~2mf /MZ8!

2

3F v f8
2S 11

2mf
2

MZ8
2 D 1af8

2S 12
4mf

2

MZ8
2 D G , ~3.4!

wherev f8 and af8 denote the vector and axial couplings, r
spectively. Thus, the total fermionic width would be give
by

GZ85Gb1G t1Gt1Gnt
. ~3.5!

The inclusive cross section may be expressed in term
a convolution integral overb-quark distribution functions:

ds

dE'

5E dx1E dx2

d3ŝ

dE'dx1dx2
f 1

b~x1! f 2
b̄~x2!, ~3.6!

with E' the transverse energy of the jets, andf i
q(x) the

b- (b̄-) quark distribution functions. The elementary cro
section is given by

d8ŝ

dx1dx2
5~2p!4d~4!~p11p22q2q̄!

1

4E1E2v rel

3uM u2
d3q

~2p!32Eq

d3q̄

~2p!32Eq̄

, ~3.7!

with uM u2 the square of the matrix element in Eq.~3.2!,
properly averaged and summed over polarizations,
4E1E2v rel52(p11p2)2[2ŝ. Straightforward kinematica
considerations lead to
1-4
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d3ŝ

dE'dx1dx2
5

1

2p

1

8ŝ3/2
uM u2

E'

AEq
22E'

2 coshy2Eqsinh y
,

~3.8!

wherey is the rapidity and

Eq

Eq̄
J 5 1

2
Aŝ@coshy6sinh yA124E'

2 / ŝ#. ~3.9!

It is convenient to replace the integration overx1 andx2

by one over rapidity andŝ, the invariant mass squared of th
Z8. With t[ ŝ/s, wheres is the squared c.m. energy of th
proton-antiproton system, we havex15Atey and x2

5Ate2y, and obtain

ds

dE'

5
1

2p

1

8s
E dŝ

ŝAŝ
E dyuM u2f 1

b~x1! f 2
b̄~x2!

3
E'

AEq
22E'

2 coshy2Eqsinh y
, ~3.10!

whereuM u2 is obtained from Eq.~3.2!.
Resulting cross sections are given in Fig. 1 for the Fer

lab energy,As51.8 TeV, for three values of the mas
MZ85100, 200 and 400 GeV. We here disregard the c
straint ~2.3!, taking the more ‘‘unbiased’’ view thatgZ8a8
and gZ8v8 are ofO(1). @If we adopt Eq.~2.3!, the cross
section would drop by about two orders of magnitude.# For
the distribution ofb (b̄) quarks in the incident protons an
antiprotons, we use standard values@24,25#. For comparison,
we also show the dominant QCD contributions~cf. Appendix

FIG. 1. Cross sections for inclusive jet production at the Te

tron, pp̄ collisions atEc.m.51.8 TeV. The solid curves represe

Drell–Yan-type production ofZ8, from b andb̄ ~sea! quarks in the
initial state. Three masses are considered,MZ85100, 200 and 400
GeV. The couplings aregZ8vb85gZ8ab851. Also the contributions
from the dominant QCD mechanisms are shown, as well as
~summed over all flavors! @26#.
07500
i-

-

B! and data~summed over all flavors! @26#. The directbb̄
production through aZ8 is seen to be below the QCD rate b
3–4 orders of magnitude, even for a ‘‘light’’Z8.

B. Gluon fusion

In the collisions of protons and antiprotons at Fermil
~or protons at LHC!, gluon fusion may, via a suitable quar
triangle diagram, lead to the production of suchZ8 bosons.
The inclusive cross section may be expressed in terms
convolution integral over gluon distribution functions, sim
lar to Eq.~3.6!:

ds

dE'

5E dx1E dx2

d3ŝ

dE'dx1dx2
f 1

g~x1! f 2
g~x2! ~3.11!

with f i
g(x) gluon distribution functions. The elementar

cross section is given by an expression similar to Eq.~3.7!,
where the amplitude for the production ofqq̄ (bb̄ or t t̄ )
final states may be expressed as

M5Vmab
ab ea~1!eb~2!gZ8

2gmn1kmkn/MZ8
2

k22MZ8
2

1 iM Z8GZ8

3@ ū~q!gn~vq82aq8g5!v~ q̄!#. ~3.12!

The factorVmab
ab describes theZ8gg vertex (a and b are

color indices!, which we take from the corresponding expre
sion for theZgg vertex, given by Kniehl and Ku¨hn @27#.

By current conservation,kn@ ū(q)gnv(q̄)#50. Further-
more, for on-shell gluons, the vertex function simplifies co
siderably. Averaging over gluon polarizations, and summ
over q and q̄ polarizations, we obtain

uM u254aQ8
2gZ8

4 S as

p D 2

dabuBQu2S ŝ

MZ8
2 D 2

aq8
2mq

2ŝ.

~3.13!

Here,aQ8 describes the axial coupling ofZ8 to the quark field
of the triangle diagram, normalized as in Sec. II.@If we were
to replace theZ8 by the ordinaryZ, we would getaQ8 gZ8
→eT3 /(2 sinuW cosuW), with T356 1

2 the quark isospin.#
The coefficientBQ is given in Ref.@27#. For a triangle dia-
gram of quark flavorQ, it is

BQ5
ŝ

2l
~122mQ

2 C0!, ~3.14!

with l5l(s1 ,s2 ,ŝ)5 ŝ2 the Källen function ~for on-shell
gluons,s15s250), mQ the mass of the loop quark, andC0
given as

-

ta
1-5
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C05
1

2ŝ
~2f2p!2, sin f5A4mQ

2 / ŝ21, ŝ,4mQ
2 ,

C052
1

2ŝ
S log

11â

12â
2 ip D 2

, ~3.15!

â5A124mQ
2 / ŝ,1, 4mQ

2 , ŝ,

depending on whetherŝ is below or above the threshol
associated with the loop quark. We consider the contri
tions from bothb and t quarks to this loop:

aQ8
2uBQu2→uab8Bb1at8Btu2. ~3.16!

The result~3.13! is proportional toaq8
2mq

2 . According to
Furry’s theorem, the vector part of the triangle diagram c
cels, and the remaining axial anomaly is proportional to
final-state quark mass, here denoted bymq . At moderate
energies, the relevant final states arebb̄, and thusmq5mb .
If the energy is high enough, there is a similar contributi
for t t̄ final states.

Replacing the integrations overx1 andx2 by integrations
over rapidity andŝ, the invariant mass squared of theZ8, one
obtains an expression similar to Eq.~3.10!, where theb and
b̄ distribution functions should be replaced by gluon dis
bution functions, and whereuM u2 also should contain a fac
tor of 1/8 from color matching of the two gluons.

Numerical values are obtained for these cross secti
using standard gluon distribution functions@24,25#. The re-
sulting cross sections are for the Tevatron energy show
Fig. 2. We have arbitrarily taken the axial couplings tob and
t quarks to be the same. The cross section is remark
small, even for moderately low masses,MZ8.O(MZ). The
resonant structure is due to interference between the co
butions ofb- and t-quark triangle diagrams; cf. Eq.~3.16!.
This interference is illustrated in Fig. 3, where forMZ8
5200 GeV we compare three cases:~1! the bbZ8 and ttZ8
axial couplings being the same~solid line!, ~2! opposite
~dashed line!, and ~3! the ttZ8 axial coupling being zero. It
appears that no variation of the chirality of these couplin
can make the cross section comparable with the QCD b
ground.

C. Fusion of ZZ or WW bosons

The fusion of two weak gauge bosons, like that of tw
gluons, can also lead toZ8 production. This could procee
through mixing, or via a triangle loop. A crude estimate f
the magnitude of this rate may be obtained in t
Weizsäcker-Williams approximation. The resulting cros
section is found to be several orders of magnitude below
Drell-Yan rate.
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D. Production at the LHC

At the LHC the sea-quark and gluon distributions a
much less suppressed than at the ‘‘lower’’ energy of
Tevatron, and so it is of considerable interest to see if theZ8
production can compete with the QCD background. W
show in Figs. 4 and 5 the cross sections forbb̄ Drell-Yan-
type production and gluon fusion, respectively. As at low
energies, it is the Drell-Yan-type production that domina
the gluon-fusion mechanism and, relative to the QCD ra
the Z8 production is now ‘‘only’’ suppressed by about tw
orders of magnitude. One must conclude that it would
extremely hard to discover such vector bosons in hadro
collisions.

FIG. 2. Cross sections for inclusive jet production at the Te

tron, pp̄ collisions atEc.m.51.8 TeV. The solid curves represen
production ofZ8, from gluon fusion. Three masses are consider
MZ85100, 200 and 400 GeV. Bothb andt quarks contribute to the
triangle diagram, with equal couplings,gZ8at85gZ8ab851. Also the
contributions from the dominant QCD mechanisms are shown
well as data~summed over all flavors! @26#.

FIG. 3. Similar to Fig. 2, but forMZ85200 GeV only. Three

cases ofqq̄Z8 couplings are considered: (gZ8at8 ,gZ8ab8)5(1,1)
~solid line!, ~0,1! ~dotted line!, and (1,21) ~dashed line!.
1-6
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IV. ELECTRON –POSITRON ANNIHILATION

In e1e2 collisions theZ8 boson could be produced d
rectly via mixing with theZ boson; the following channel
with two-particle final states are sensitive to this mixing:

e1e2→bb̄, e1e2→t t̄ , e1e2→tt̄. ~4.1!

The first of these was discussed in@7,11#. In the following
subsection we are going to discuss all these processes
calculate the relative deviation of the cross sections fr
their values in the SM for different values of the mixin
anglej and theZ2 massM2.

For the processes with more than two particles in the fi
state we will consider the processe1e2→bb̄nen̄e as one of
the most important for LEP2 and future colliders.

A. Two-fermion final states

We first consider the processese1e2→bb̄, t t̄ , t1t2 as
the simplest processes at electron-positron colliders inv
ing fermions of the third family, where the effect ofZ8 ex-
change could be observable. Three Feynman diagrams
scribe this process, with the exchange of photons,Z1 andZ2.
Deviations from the SM will occur only in the case whe
the mixing angle is non-zero.~Without tree-level mixing, it
will arise only through loop effects.! The effect ofZZ8 mix-
ing changes the couplings of theZ boson and gives rise toZ2
exchange. The coupling between the electron and theZ8 is
proportional to sinj, which by assumption is small. On th
other hand, this mechanism has the advantage that there
suppression by theZ8 propagator and the effect might thu
be observable.

The cross section is given by the expression~for mf

!As)

FIG. 4. Cross sections for inclusive jet production at the LH
pp collisions atEc.m.514 TeV. The solid curves represent Dre

Yan-type production ofZ8, from b andb̄ ~sea! quarks in the initial
state. Three masses are considered,MZ85100, 200 and 400 GeV
Also the contributions from the dominant QCD mechanisms
shown, using standard distribution functions@24#.
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3s
F1 , ~4.2!

where

F15Qe
2Qf

212Qev̄e1Qf v̄ f 1Rex1

1~ v̄e1
2 1āe1

2 !~ v̄ f 1
2 1āf 1

2 !ux1u2

12Qev̄e2Qf v̄ f 2Rex21~ v̄e2
2 1āe2

2 !~ v̄ f 2
2 1āf 2

2 !ux2u2

12~ v̄e1v̄e21āe1āe2!~ v̄ f 1v̄ f 21āf 1āf 2!Rex1x2* ,

~4.3!

with

x i5
s

s2Mi
21 iM iG i

~4.4!

and @cf. Eq. ~2.8!#

v̄ i5
gZ

e
v i , āi5

gZ

e
ai . ~4.5!

The ratiogZ /e should be extracted from the standard ele
troweak input discussed in Sec. II, and include the ‘‘ru
ning’’ dependence from thee1e2 energyAs.

For As5M1 one can use the following@15,16#:

gZ

e
~M1

2!5
1

sin uWcosuW
U
As5MZ

5FM1
2ra~0!

m2a~M1!
G 1/2

.

~4.6!

FIG. 5. Cross sections for inclusive jet production at the LH
pp collisions atEc.m.514 TeV. The solid curves represent produ
tion of Z8, from gluon fusion. Three masses are considered,MZ8
5100, 200 and 400 GeV. Bothb and t quarks contribute to the
triangle diagram, with equal couplings,gZ8at85gZ8ab851. Also the
contributions from the dominant QCD mechanisms are shown.
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For As.M1 we will start with Eq. ~4.6! and then use the
solutions of the one-loop massless renormalization-gr
equations for theSU(2) andU(1) running couplings,g and
g8:

g2~s!5g2~M1
2!S 11

g2~M1
2!

16p2

10

3
log

s

M1
2D 21

,

g82~s!5g82~M1
2!S 12

g82~M1
2!

16p2

20

3
log

s

M1
2D 21

,

~4.7!

which are related toe and sinuW as

e25
g2g82

g21g82
, sin2uW5

g82

g21g82
. ~4.8!

It should be emphasized that all the above-mentioned c
plings depend, for the model under consideration, on
mixing anglej and the massM2 through ther parameter; cf.
Eqs.~4.6! and ~4.7!.

No deviation from the SM has been observed at LEP. O
may thus obtain bounds on the model parametersj andM2,
taking into account available data on theZ0 peak. For LEP2
and the NLC we take a rather conservatively anticipated p
cision. The sensitivity of observables, e.g. of the total cr
sections f f̄ , has been assessed numerically by defining ax2

function as follows:

x25S Ds f f̄

ds f f̄
D 2

, ~4.9!

whereDs f f̄5s f f̄2s f f̄
SM and the uncertaintyds f f̄ is a statis-

tical one. As a criterion to derive allowed regions for t
coupling constants if no deviations from the SM were o
served, and in this way to assess the sensitivity to the par
etersj and M2, we impose thatx2,xcrit

2 , wherexcrit
2 is a

number that specifies the desired level of significance.
At the Z0 peak, the most sensitive quantity is the forwar

backward asymmetry. The resulting allowed bounds onj

and M2, at the 95% C.L., are given forbb̄ and t1t2 pro-
duction in Figs. 6–8, for different assumed chiralities of t
coupling to theZ8 ~vector, axial, left, right!. The relative
gauge coupling is chosen according to@2# asgZ8 /gZ.0.62.
These bounds were obtained from the data reported in@28#,
by means of the programZEFIT, which has to be used alon
with ZFITTER @29#.

In these same figures, we also present bounds corresp
ing to conservatively assumed cross-section precisions of
and 10% at LEP2 and a linear collider operating at 500 G
~labelled NLC!. These cross sections were calculated
means of theCOMPHEP@30# program. The qualitative differ-
ence between the LEP1 and the LEP2~or NLC! contours is
07500
p
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e

e
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nd-
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due to the following. At LEP1~on resonance! there are three
effects: modification of the couplings due to mixing, mod
fication of sin2uW , and a shift ofr from the SM value. The
corresponding bounds are smooth curves. At higher ener
~LEP2 and NLC! there is an additional contribution mediate
by Z2 exchange. At relatively low M2 values, the
Z2-exchange contribution dominates the deviation from
SM, whereas at higherM2 this contribution becomes les
important. The complicated shape of the contours is due
interference between direct (Z2 exchange! and indirect ef-
fects. These effects interfere constructively at some value
sin j, and destructively at others.

In our input scheme, for a fixed non-zero value ofj, the
gauge couplinggZ increases withM2. This is due to the
increase ofrM , and hence ofr @cf. Eqs.~2.12!, ~2.16! and
~2.17!# with M2. This leads to a deviation of the cross se
tion away from the SM value. Thus, at large values ofM2,
the e1e2→ f f̄ cross section is seen to impose strong co
straints on the allowed mixing angle; there is a narrowing
largeM2, of the allowed region in sinj. ~If we had frozenr
andgZ in our calculations, then the different points in the
figures would correspond to different choices of the Hig
sector—which would be rather unnatural.!

For the case ofbb̄ final states, we consider two differen
center-of-mass energies,As5190 and 500 GeV, in Figs. 6
and 7, respectively. The sensitivity of LEP2 and the NLC
j andM2 depends on the chiral property of theZ8 coupling.
For vector-, axial vector- and left-handed couplings, LE
~and the NLC! will have more sensitivity than LEP1 at nega
tive values ofj. For right-handed couplings, the situation
reversed. Thus, LEP2 and the NLC have the potentia
observe effects of such aZ8 in this channel with masses u
to the order of 1 TeV. Concerningt1t2 final states, it ap-
pears that studies at higher energies cannot improve on
results obtained at LEP1; see Fig. 8.

In Fig. 9 we considert t̄ final states atAs5500 GeV. As
compared withbb̄ final states, the sensitivity is lower. How
ever, the interference effects are different, and it is theref
complementary to thebb̄ channel.

Comparing the contour levels for the different final stat
one can see that the tightest restrictions are obtained from
bb̄ final state, while thet1t2 case is the least restrictive
This difference can be understood from an analysis of
expression~4.3!. In comparing with the SM cross section
the important difference between the final-state fermions
the electric charge, which dominates the main SM contri
tion. Thus, for a given value of (j,M2) away from the reso-
nanceAs5M2, the relative deviation from the SM will be
largest forb quarks~because of the small electric charg!
and smallest fort leptons ~because of the large electri
charge!.

B. Four-fermion final states

We now turn our attention to the processe1e2

→bb̄nen̄e , which is sensitive to the three-boson coupling
In the SM, there are in the unitary gauge 23 Feynman d
1-8
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FIG. 6. Allowed regions of sinj and M2 obtained from LEP1 data~95% C.L.! for the processe1e2→bb̄. Also shown are bounds
anticipated from LEP2 at levels of assumed precision as indicated by the labels. Four different chiralities are considered.
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grams that contribute to this process. In the extended mo
the number of diagrams is 48~in the unitary gauge!, even if
all the scalars are excluded. However, deviations from
standard model occur only for the case of a non-zeroZZ8
mixing.2 As a result of this mixing there appear three-bos
couplings involving theZ2.

2There is no tree-levelWWZ8 coupling since we assume theZ8 is
anSU(2) singlet. One should keep in mind that the one-loop Fe
man diagrams give rise to aWWZ8 vertex even if at the tree leve
the mixing angle vanishes.
07500
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Experimentally this process can be investigated by
detection of thebb̄ pair with missing energy. In this case on
measures the cross section of the processese1e2

→bb̄n i n̄ i , integrated over a suitable kinematical regio
~with the neutrinos of all three families in the final state!.
However, following the work of Ref.@31#, we believe that
the main contribution comes from the process with thenen̄e
pair in the final state.

The process has been studied usingCOMPHEP, which gen-
erates the Feynman diagrams~we omit virtual Higgs par-
ticles! and evaluates the cross section. This has been i
grated over phase space according to the cuts of Ref.@31#.
For the b jets to be detectable, we require them to ha

-
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FIG. 7. Allowed regions of sinj and M2 obtained from LEP1 data~95% C.L.! for the processe1e2→bb̄. Also shown are bounds
anticipated from 500 GeV at levels of assumed precision as indicated by the labels.
to
lo
v
th

nt

n at
e

r
re-
12,
ther
s

h-
sufficient energy, to be away from the beam pipe, not
close to each other, and to not have an invariant mass c
to theZ1. Furthermore, the missing momentum should ha
a large transverse component and a low rapidity, and
undetected neutrinos should not originate from aZ1:

Eb.20 GeV, 20°,ub,160°,

ubb̄.20°, umbb̄2mZ1
u,3GZ

~4.10!

p” T.40 GeV, h~p” !,1,

um” 2mZ1
u.5GZ .

At a given energy, the cross section increases significa
07500
o
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e
e
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with increasing values ofM2, and also withusin ju, as is
shown in Fig. 10. The increase in the cross section see
increasing values ofM2 is basically due to the fact that th
couplinggZ increases through the increase of therM param-
eter, as was discussed in Sec. IV A.

For the cases ofAs5190 and 500 GeV, and for vecto
couplings, the modifications of the cross sections, with
spect to the standard model, are given in Figs. 11 and
respectively. The gross features of these figures are ra
similar to those for thebb̄ final states, and the sensitivity i
quite comparable.

V. CONCLUDING REMARKS

We have shown that aZ8 boson coupled only to third-
family fermions is rather difficult to discover, even at hig
1-10
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FIG. 8. Allowed regions of sinj andM2 obtained from LEP1 data~95% C.L.! for the processe1e2→t1t2. Also shown are bounds
anticipated from LEP2 at levels of assumed precision as indicated by the labels. Four different chiralities are considered.
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energy colliders, thus confirming the more explorato
analysis of Ref.@11#.

For hadronic colliders, such as the Tevatron or the LH
this Z8 is invisible because of the QCD background, which
many orders of magnitude greater than the cross sect
involving theZ8. The data available from LEP1 already e
clude significant regions of the parameter space (j, M2).
LEP2 and futuree1e2 linear colliders can improve on thes
bounds, in particular from studies of final states involvi
bb̄.

It seems that some additional progress may be achieve
the study of processes with four fermions in the final state
one investigates not only the full cross sections, but also t
07500
,

ns
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ir

dependence from thebb̄ (t t̄ , tt̄) invariant mass. We hope
to return to this question in future work.
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FIG. 9. Allowed regions of sinj andM2 anticipated for the processe1e2→t t̄ at the NLC at levels of assumed precision as indica
by the labels. Four different chiralities are considered.
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APPENDIX A: HIGGS SECTOR AND ANOMALIES

Since we consider our model as an extension of the s
dard model, it should contain the standard Higgs double

H5
1

A2
S h1

v1h0D ~A1!

wherev is the vacuum expectation value. This field realiz
the representation~1/2,1,0! of the gauge groupSU(2)L
3U(1)Y3U(1)Y8 and hence has the following covariant d
rivative:

DmH5S ]m1 igTaWm
a 1 i

g8

2
BmDH. ~A2!
07500
n-

s

The kinetic term for this field contributes to the ma
terms of theW6 andZ bosons:

uDmHu2⇒v2

8
~gWm

3 2g8Bm!21
v2

2
g2Wm

1Wm2

5
v2

8

g2

cos2uW

ZmZm1
v2

2
g2Wm

1Wm2. ~A3!

This field does not supply the additional gauge bosonZ8
with a mass. It is impossible to assign to the fieldH a non-
zero Y8 hypercharge: in this case the mass terms for
fermions of the first two families will lose theU(1)Y8 invari-
ance. ThereforeYH8 50 and in our model the fieldH could
give rise to the masses of the third-family fermions only
1-12
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the case whenYf L8 5Yf R8 ~not necessarily zero!. In the general
case, whenYf L8 ÞYf R8 , the ordinary Higgs fieldH does not
contribute to the masses of the third-family fermions.

The simplest way to obtain aZ8 mass is to introduce a
scalar singletf, which transforms as (0,0,YS8) and has a
covariant derivative:

Dmf5S ]m1 igZ8

YS8

2
Zm8 Df. ~A4!

With a non-vanishing vacuum expectation value,^f&vac

5vS /A2, it produces the following mass term for theZ8
boson:

uDmfu2⇒
gZ8

2

8
YS8

2vS
2Zm8

2. ~A5!

FIG. 10. Cross section forbb̄nen̄e production atAs5190 GeV,
subject to cuts given by Eq.~4.10!.

FIG. 11. Bounds anticipated from LEP2 fore1e2→bb̄nen̄e at
levels of assumed precision as indicated by the labels. Also sh
is the allowed region of sinj and M2 obtained from LEP1 data

~95% C.L.! for the processe1e2→bb̄.
07500
By means of this fieldf, an arbitrary mass can be pro
duced for theZ8 boson, but it is not possible to getZZ8
mixing at the tree level. In the case where theZ8 boson is not
a pure vector particle@Yf L8 ÞYf R8 #, it is also impossible to
obtain gauge-invariant mass terms for the fermions of
third family ~see above!.

In order to solve these two problems, let us introduce
additional Higgs doubletH1, which interacts with theZ8 and
hence has a non-zeroY8 hypercharge. This field transform

as (1
2 ,1,Y18) and has a covariant derivative:

DmH15S ]m1 igTaWm
a 1 i

g8

2
Bm1 i

gZ8
2

Y18Zm8 DH1 .

~A6!

~The value ofY18 is not arbitrary when the fieldH1 gives rise
to fermion masses; this will be discussed at the end of
appendix.! With ^H1&vac5v1 /A2, it produces the following
contribution to the mass term of the neutral gauge boson

uDmH1u2⇒ g2

cos2uW

v1
2

8 S Zm
2 1

gZ8
2

g82
sin2uWY18

2Zm8
2

22
gZ8

g8
sin uWY18ZmZ8mD . ~A7!

So in this case when all three Higgs fields are present,
obtains a mass matrix for the neutral gauge bosons in
general form

~Z,Z8!S MZ
2 MZZ8

2

MZZ8
2 MZ8

2 D S Z

Z8
D , ~A8!

where

n

FIG. 12. Bounds anticipated fromAs5500 GeV for e1e2

→bb̄nen̄e at levels of assumed precision as indicated by the lab
Also shown is the allowed region of sinj and M2 obtained from

LEP1 data~95% C.L.! for the processe1e2→bb̄.
1-13
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MZ
25

g2

4 cos2uW

~v21v1
2!, MZ8

2
5

gZ8
2

4
~vS

2YS
21v1

2Y1
2!,

~A9!

MZZ8
2

52
g2

cos2uW

v2

4

gZ8

g8
sin uWY1 . ~A10!

After diagonalization of this matrix, the mass eigensta
M1, M2 and the mixing anglej can be expressed throug
vacuum expectation values~VEVs! of the introduced scalars
The fieldH1 also gives masses to the third-family fermion

However, it should be stressed that the values of theY8
hypercharge are not arbitrary: restrictions come from the
angle anomalies. The well-known condition of ABJ anom
lies reads@32,33#

Tr~Ti$Tj ,Tk%!L5Tr~Ti$Tj ,Tk%!R ~A11!

whereT are the matrices of the fermion representations,
i , j , k may refer to different subgroups of the full gaug
group.

In the standard model with the groupSU(3)c3SU(2)L
3U(1)Y , these conditions unambiguously fix ratios of t
electric charges~or hypercharges! of fermions: four indepen-
dent conditions of diagrams with LLY, YYY, ccY andggY
external fields@here L denotes theSU(2)L field, Y the
U(1)Y field, c the SU(3) field, andg the graviton# for four
ratios of YlL , YeR, YqL , YuR, YdR have a single solution
For the extended model, there are additional conditio
LLY8, YYY8, YY8Y8, Y8Y8Y8, ccY8 andggY8, which nec-
essarily lead toY85Y. All other Y8 assignments need a
extension of the fermionic sector. In order not to introdu
exotic fermions let us consider the simplest extension of
fermionic sector, namely the addition of right-handed neu
nos. In this case the anomaly cancellation conditions, invo
ing theZ8 boson, read

LLY8: YLL8 13YQL8 50,

ccY8: 3~2YQL8 2YtR8 2YbR8 !50,

ggY8: 2YLL8 2YtR8 2YnR8 13~2YQL8 2YtR8 2YbR8 !50,

Y8Y8Y8: 2YLL8 32YtR8
32YnR8

313~2YQL8 32YtR8
32YbR8

3!

50,

YYY8: 2YLL8 24YtR8 13S 2

9
YQL8 2

16

9
YtR8 2

4

9
YbR8 D50,

YY8Y8: 22YLL8 212YtR8
213S 2

3
YQL8 22

4

3
YtR8

2

1
2

3
YbR8

2D50. ~A12!
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Here,L andQ denote the third-family lepton and quark do
blets. The last two equations are not independent. Withxi

[Yi8/YLL8 , the system has the following solution:

xLL51, xQL52
1

3
, xtR522xnR,

xbR5
2

3
2xnR, xtR52

4

3
1xnR, ~A13!

where YnR8 ~or xnR) remains undetermined. For the ca
xnR50 one getsY5Y8 ~the case of the SM!, whereasxnR
51 corresponds to a purely vectorZ8 boson; the genera
case can be treated as a linear combination of these
cases.

These values of fermionic hyperchargesYi8 determine the
hyperchargeY18 of the H1 field: the gauge invariance of th
fermionic mass term necessarily leads toY185YtL8 2YtR8 .

A vector-likeZ8-fermion coupling is achieved with a uni
versal choicexnR51. However, as follows from Eqs.~A13!,
the assignment for theZ8-fermion vertex to be axial, left- or
right-handed cannot be done universally. For instance,
coupling may be purely axial either forb quarks, or fort
leptons, or fort quarks, but not simultaneously.

Let us now comment on the chirality choices conside
in Figs. 6–9. For theZ8bb̄ coupling ~Figs. 6 and 7! to be
vector, axial, left- or right-handed, one must choosexnR51,
1/3, 2/3, or2`, respectively. For theZ8t1t2 coupling~Fig.
8! to be vector, axial, left- or right-handed, one must choo
xnR51, 3, 2, or 2`, respectively. For theZ8t t̄ coupling
~Fig. 9! to be vector, axial, left- or right-handed, one mu
choosexnR51, 5/3, 4/3, or̀ , respectively.

It may be useful to notice that the cancellation of anom
lies is necessary only if the additionalZ8 boson is treated as
a fundamental particle. For a compositeZ8, arbitrary values
of fermionic hypercharge are allowed.

APPENDIX B: QCD BACKGROUND

We shall assume that light-flavor quark jets can be
jected and do not constitute a background. Thus, the ba
ground of interest is the one due tobb̄ ~and, at sufficiently
high energies,t t̄ ) jets.

1. Quark–antiquark annihilation

With p11p25b1b̄, ŝ5(p11p2)2, the matrix element
can be written as

M5 v̄~p2!gmgTau~p1!
2gmn

ŝ
ū~b!gngTbv~ b̄!dab ,

~B1!

with g the QCD coupling. Properly averaged over spin a
color, the squared matrix element takes the form
1-14



th

o
-
ak

PHENOMENOLOGY OF AZ8 COUPLING ONLY TO . . . PHYSICAL REVIEW D 58 075001
uM u25
8

9

g4

ŝ2
$2~ t̂2mi

22mb
2!212~ û2mi

22mb
2!2

1~mi
21mb

2!ŝ%, ~B2!

where t̂5(p12b)2, û5(p12b̄)2, andp1
25p2

25mi
2 .

2. Gluon fusion

Gluon fusion will also lead tobb̄ ~or t t̄ ) jets. There are
three diagrams contributing, including the one due to
three-gluon vertex (p11p25p5b1b̄):

M5M11M21M3 ,

M15ū~b!ige” 1Ta

i ~b”2p” 11mb!

~b2p1!22mb
2

ige” 2Tbv~ b̄!,

M25ū~b!ige” 2Tb

i ~b”2p” 21mb!

~b2p2!22mb
2

ige” 1Tav~ b̄!,

M35ū~b!iggmTcv~ b̄!
gmn2jpmpn/p2

p21 i e

3~2 ig ! f abc@gab~p12p2!n1gbn~p21p!a

2gna~p1p1!b#e1
ae2

b . ~B3!

Since the final-state quark and antiquark are taken to be
shell, the gauge-dependent part ofM3 vanishes. Properly av
eraged over spin and color, the squared matrix element t
the form

uM u25
g4

2
@X1Y1Z#, ~B4!
e-
,
-
w
A

.
,

07500
e

n-

es

whereX is due toM1 andM2, Y is due to their interference
with M3, andZ representsM3 squared. Furthermore,

X5
1

~ t̂2mb
2!2

Xtt1
1

~ t̂2mb
2!~ û2mb

2!
Xtu1

1

~ û2mb
2!2

Xuu ,

~B5!

with

Xtt5
8

3
@~ t̂1mb

2!~ û2mb
2!12mb

2~ ŝ12mb
2!#,

Xtu52
2

3
mb

2~ ŝ24mb
2!,

Xuu5
8

3
@~ t̂2mb

2!~ û1mb
2!12mb

2~ ŝ12mb
2!#.

~B6!

Similarly,

Y5Yt1Yu , ~B7!

with

Yt5
26

ŝ~ t̂2mb
2!

@~ t̂2mb
2!21 ŝmb

2#,

Yu5Yt~ t̂↔û! ~B8!

and finally

Z5
12

ŝ2
@~ t̂2mb

2!~ û2mb
2!2 ŝ~ ŝ12mb

2!#. ~B9!
up
dy,

e-
,
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-
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