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An exotic composite vector boson Vis introduced in two dynamical models of composite quarks,
leptons, 8; and Z. One is based on four-Fermi interactions, in which composite vector bosons are
regarded as fermion-antifermion bound states and the other is based on the confining SU(2) L gauge
model, in which they are given by scalar-antiscalar bound states. Both approaches describe the
same effective interactions for the sector of composite quarks, leptons, 8; Z, y, and V.

I. INTRODUCTION

It has been widely accepted that the present-day quark
and lepton physics will be replaced by new physics which
describes compositeness of quarks and leptons' " and/or
respects the additional symmetry, supersymmetry. The
new physics should explain the dynamical origin of the
weak energy scale of GF ' ——300 GeV, which is the pa-
rameter in the standard model, i.e., the vacuum expecta-
tion value of the Higgs scalar. The naturalness argue-
ment on the Higgs-scalar sector has led to the implication
that the scale of the new physics will not be much beyond
the TeV energy region. This energy scale is identified
with the compositeness scale of —1 TeV if quarks and
leptons (as well as the weak bosons, 8' and Z) are com-
posites of further fundamental particles, the subquarks
(or preons).

Once compositeness is assumed, then various exotic
and excited states naturally appear in the spectrum of
composite particles, which depends on the subquark
species involved. The minimal set is composed of three
kinds of fermionic subquarks, w, c (c& ), and h, for quarks
(q) and leptons (l) made of three fermions as q =whc and
l =whet, or of two kinds of subquarks, w and c(ci), for
quarks and leptons made as q =wc and l =wcl in which,
needless to say, either w or c(ct) is a scalar. The as-
sumed subquarks w, c(ci), and h are, respectively, the
common carriers of the weak isospin, the three colors
(one leptonic color), and the generation number of quarks
and leptons. The mass spectrum for exotic composite
particles, which is in principle calculable, depends on the
details of the underlying dynamics. However, roughly
speaking, one can expect that the exotics generally pos-
sess the mass of the compositeness scale. In particular,
we expect that the ground states of the neutral exotics
can have comparatively light masses as light as GF '

( =300 CxeV). Among others, an exotic composite vector
boson V will receive much attention in the next decade

since V may manifest itself in e+e colliders such as the
present KEK TRISTAN, SLAC Linear Collider (SLC)
and CERN LEP and the future Japan Linear Collider
(JLC), CERN Linear Collider (CLIC), and so on.

The possible underlying dynamics for the exotic com-
position boson V is also responsible for the compositeness
of Wand Z, whose properties are now well understood. '

The experimental constraint comes from the validity of
the standard mass relation m~=cosHmz (8: the mixing
angle), which is confirmed by the consistency between
m~z and sin 0 observed in low-energy neutrino experi-
ments. ' Any composite model for W and Z must ensure
the mass relation. It is argued that, in the kinetic mixing
scheme of the photon with vector bosons, "which is ap-
propriate for the compositeness of Z, the standard mass
relation is satisfied if the mixing parameter k is fixed to be
e/g~ for e(gu, ) being the electric [weak SU(2)j charge.
Such a fine-tuning of A, is dynamically incorporated' if W
and Z are generated as found states of the spinor m

by the four-Fermi interactions of the Nambu —Jona-
Lasinio —Bjorken (NJLB) type' or as composites of the
scalar m by the subcolor confining interactions' of
SU(2)L (Ref. 15) supplemented by complementarity. '6

In this article, the properties of the exotic vector boson
are studied in these dynamical models: the nonlinear-
interaction model of the NJLB type in the three fermion
model, ' where V is assumed to be a fermion-antifermion
bound state, and the non-Abelian confining model based
on SU(2)L for the fermion-boson model with the scalar w
and spinor c (ct ), ' where V is a boson-antiboson bound
state (of a new scalar subquark, g). As a candidate of V,
it is reasonable to consider the following neutral vector
bosons as fermion-antifermion bound states (i) color-
singlet gluon G„made of c as gz & c„y„c~, where 2
(=1,2,3) denotes the three colors; (ii) leptonic gluon G

0
)M

made of ci as cty„ci', (iii) isosinglet weak boson W„made
of w as g2

& w;y w;, where i (=1,2) denotes the weak
isospin; (iv) heavy photon A * made of w, c, and ct as
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g, sy„g, s, where s runs over all subquark species with
the electric charge g, (i.e., g, , for c and ci etc.). In the

SU(2)L confining model, such an intuitive description of
V cannot be available because composite vector bosons
are restricted to be bound states of scalars but c and c&

are all spinors. The corresponding V that calls for an ad-
ditional scalar subquark is constructed so as to yield the
same effective couplings to quarks and leptons. It is real-
ized by requiring that V„couples to the baryon number
(B) for G„, the lepton number (L) for G„, 3B+L for W„
and the hypercharge for A„*. In Sec. II, the low-energy
effective Lagrangian is derived for the composite V bo-
son. The physical vector fields are constructed in the Sec.
III. Section IV is devoted to a summary.

II. DYNAMICS AND EFFECTIVE INTERACTIONS

A. Model of the Nambu —Jona-Lasinio —Bjorken type

composite quarks q, leptons l, weak bosons 8'„—' and the
exotic boson V„, is given by

Xt„„d=Xo+gFqP(w, h, c)P(w, h, c)
q

++FtP(w, h, ct )P(w, h, ct )

l

+Fii (wL y 7 wL ) +Fv(J ) (2.2)

J V
P

cy„c for V„=G„(color-singlet gluon),

ciy„ci for V„=G„' (leptonic gluon),

wy„w for V„=W„(isosinglet weak boson),

g s y„g,s for V„=A * (heavy photon ).

where F, F&, F~, and Fv are coupling constants, and the
current of J„is defined as

In this model, quarks and leptons are composites of the
spinor subquarks w, h, and c(ci) and described as q =whc
and I =whci which can be defined more precisely as q (or
l) =P(w, h, c(ci )) with the projection, P(gi, gz, f3), of the
direct product of the three spinors gi, g2, and g3 into a
spin- —,

' state. For definiteness, we adopt the form

P( w, h, c)=y„w(h 'y"c ),
P(w, h, c, )=y w(h'y"c, ),

(2 1)

which has the advantage that the composite fermions
have the same chiral properties as its constituent w. The
composite 8' and Z bosons are simply given by
wL y„~ wL. These composite particles are generated by
nonlinear interactions of the NJLB type. ' It is, however,
expected that this nonlinear interaction model of the
NJLB type is considered as a somewhat phenomenologi-
cally useful low-energy model of a more fundamental
theory such as the one based on subcolor gauge interac-
tions. If this is dynamically relevant, then our subquarks
carry the additional subcolor multiplicity X„.

The local fiavor-color symmetry is taken to be SU(3),
for QCD and U(1), for QED. Let Xo be the
QED+QCD Lagrangian for the fermionic subquarks w,
h, c, and ci, the photon Ao„, and the gluon Go'„' (a = 1 —8)
with the electromagnetic and strong coupling constants,
e~ and g,o, respectively. The suffix 0 indicates that the
quantities are yet to be renormalized. The fundamental
Lagrangian, which includes the interactions to form the

(2.3)

The system with the Lagrangian X&„„dis transformed into
the one with

X,„„=So++P(w, h, c)q+H. c. —g qq
1 =

q q

+g P(w, h, ci)l+H. c.—g l l
( F~

1
+wL y"r'wL W„' —

( W' )~

W

+J„V„— (V„)
V

(2.4)

by introducing the auxiliary fields, q, l, 8 „', and V„,
which miss their kinetic terms. Their equations of
motion yield q=FqP(w, h, c), l=F&P(w, h, ct), and
W„'=2F~wLy„~'wz that match our naive expectation.
For the exotic boson, V „'=2FvJ„is satisfied and realizes
our compositeness of the exotic boson introduced in the
Introduction since J„is given by Eq. (2.3).

The quantum loop effects arising from X,„„itself give
rise to the kinetic and interaction terms of the auxiliary
fields and convert them into genuine composite fields.
Let us evaluate the dominant contributions from X,„„.
For the singlet gluon (V„=G„),these contributions are
summarized in Xd;„as

X;„=g q (iJ @ K)mq +g l (iJ&—B Kt m )1 —e P ( A —„)—
q I SC

gzg ( G(a1 )2

I [(W' —eoe'~ Ao(„W~)) +—eoW„,AQ„—6m (W„') ]
—3I, [(V„) +2eog, V„A " ], (2.5)
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where I~, I„Iy, Jqp J» Xq, and Kl are the divergent in-
tegrals which are precisely defined in Ref. 20 and

I—, [(V ) +2eoQ, V„,Ao"'],

and Eqs. (2.6a) and (2.6b) by

(2.7)

IJ, q p OQq A op g 0 op
(a) a

D q =
Bp ieoQq Aop ig o—Go'„' —i W mr'yL q,"2

q (2.6a)
D l =(B leoQI Ao LW 7 yL

—LV )l

(2.6a')

(2.6b')

D„l = ( 8„—ie o Q( A o„iW —„'r'y L )l,
AO„=B„AO —8 Ao„,

(2.6b)

(2.6c)

(2.6d)

(2.6e)

The leptonic gluon, then, effectively couples to leptons in-
stead of quarks. For the isosinglet weak boson
(V„=W'„), the Lagrangian Xd;„ is given by using Eqs.
(2.6a) and (2.6b') for D„q and D„l and by replacing the
last term in Eq. (2.5) by

V„.=B„V.—a,V„. (2.6f)

The operation, yL, in Eqs. (2.6a) and (2.6b) denotes the
left-handed chirality projection. The singlet gluon turns
out to effectively couple to quarks, but not to leptons.
For the leptonic gluon ( V =6„'), one can find that the
corresponding Xd;„ is simply given by replacing the last
term in Eq. (2.5) by

2I [(V—
) +2eo(Q ) V„A ~ ], (2.7')

where (Q ) =(Q, +Q„2)/2. The isosinglet weak boson
effectively couples to both leptons and quarks with the
same strength. For the heauy photon (V„=A„* ), the cou-
pling is the same as that of the photon and the resulting
effect comes in the combination of coho„+ V„. Thus,
omitting the original V in Eqs. (2.5) —(2.6b) and replac-
ing eo A o„by eo A o„+V„ leads to the following Xd;„..

Xd;„=gq(iJ&B Km )—q+g l(iJ&B Krm )l —Ir(eoAo„+—V„) — —— g,oI, (Go'„' )
2 4N„

I [(W„' ——e'~ (eoAo( + V(„W,)
+ W„,(eoA ~ + V" )], (2.5')

where

D„q= 8„—iQ (eoAo„+ V„)

a—ig, oGO„' —i 8'„'~'y L q,p (2.6a")

The rescaled photon field is primed to indicate that it is
mixed with other vector bosons and yet to be diagonal-
ized. The whole effects come from X,„„and Xd;„, where
the coe%cients can be arranged to the following new
definitions:

e =eo/+ 1+4eoI

D„l= [8„—i Qt ( eo A o„+V„) i W „'7'y L
—]l . (2.6b") gs =gsO 1+ 2 — g,oI,

SC

1/2 (2.9a)

A„'=Ql+4eoIy Ao„,

6'= 1+ 2—(a) 33
P

2
g,oI,

1/2
(a)Go„,

(2.8a)

and the composite fields as

In order to cast the kinetic and interaction terms into
the standard forms, we rescale the elementary photon
and gluon fields as

mq =(K~m + 1/F~ )/J~,

m, =(K,m +1/F, )/J, ;

M~2=3m —1/8F~I, g =1/QI

(2.9b)

(2.9c)

Mz= —1/24F&I„g&=1/2+3I, for V„=G„
Mz= —1/SF&I, , go= 1/2+I, , for V =6„'

(2.9d)

2 t/3I, V„

2+I, V„
V„= '

2+2I„V„
2(/ Ir V„

for V„=G„,
for V =G',

for V„=8„,
for V„=2„*.

q=+Jqq, l=+Jtl, W„'=2+I W„' (2.8b)

(2.8c)

Mz= —1/16F&I, g&=1/2 t/2I for V = W&,

Mz= —1/SF&I, go= 1/2+I for V„=A„*

The redefinitions in Eqs. (2.8a) and (2.9a) mean nothing
but the renormalization of the elementary photon and
gluon fields and of the coupling constants up to this or-
der.

The effective Lagrangian L,&, which can be regarded
as the sum of Xd;, to X,„„,is then obtained as
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X,it=a q(i8 —
m~ )q+ g l(i8 —

m& )I —
—,'( A „', )

—
—,'(G„")

q I

—
—,'[ W„'„—e"'(eW(, +gvqv(„) W'.

)
l' ——,'~W„'.a„'.+ —,'Mw( W„')'

]
( V )2 i gi V g ~pv i g~~ V 1/V3pv+ i M2( V )2+ Jemg ip+g JG G( )p+g J lVlp+g JVV@

4 p& 2 p& 2 p& V p p s pa W pi V p (2.10)

with r)=1 (for V„=heavy photon), =0 (for the others),
where

~„'.=a„w.' —a.w„',
G'[a~ =g G~a~ —g 6'[+~ +g f+b~G~b~G [~~

pv p v v p gsJ p v

V„.=a„v.—a.v„,

(2. 1 la)

(2.11b)

(2.11c)

(2.11d)

and J„', J„„and J„,, respectively, stand for the elec-
tromagnetic, color-octet and weak-isotriplet currents.
The current for V„,J„,is given by

g qy„q( =—J~ ) for V„=G„,
q

g ly„l(=J„') for V„=G„',
JV

p
Jq+ J„ for V„=8'„,
J„' for V„=2„*.

(2.12)

The kinetic mixing parameter A, for the photon ( A
'

) and
weak boson (W„) is calculable and fixed to be

X=e/gw

and similarly A,
' and k" are given by

A, '=eQ, /gv, A,"=0 for V„=G„,
A, '=eQ, /gv, A."=0 for V„=G„'

A, '=e(Q )/gv, X"=0 for V„=W~,
g'=e/gv, ~"=g~/gw for V„=3*,

(2.13)

(2.14)

where (Q ) in Eq. (2.7'). We have suppressed the terms
including the subquark fields in X,z in Eq. (2.10) because
they are expected to be confined by some unknown mech-
anism.

The derived Lagrangian X,z turns out to be nothing
but the one for the current mixing scheme of Hung and
Sakurai" if the new vector field V„ is absent. Since we
have A, =e /g w, it is equivalent to the non-Higgs sector of
the standard model, and phenomenologically acceptable.
The terms that depend on V„ in X,s of Eq. (2.10) with
Eqs. (2.12) and (2.14) exhibit the characteristic mixing
and interaction patterns of the neutral exotic boson. The
color-singlet gluon, leptonic gluon and isosinglet weak
boson get mixed with the photon with the strength
e /gv X (the average of the electric charges of its constitu-
ents), and, respectively, couple to the quark number (3B),
lepton number (L ), and quark plus lepton number
(38+L) currents. The heavy photon is mixed with the
Z boson as well as the photon and couples to the elec-

I

tromagnetic current. In this work, we have taken the
photon and the gluon as elementary particles unlike in
Ref. 20. The present results for the leptonic gluon coin-
cide with those in Ref. 21, except that we miss the sum
rule for the coupling constants provided by the photon
compositeness condition [Eq. (22) in Ref. 21]. As for the
formalism of the heavy photon, it seems essential to re-
gard the ordinary photon as an elementary particle. Sup-
pose that both of the photon and heavy photon are com-
posites bound by the four-Fermi interactions which are
given by the square of the electromagnetic current of
subquarks. Then, the induced kinetic terms are mixed
with each other to form only one complete square term of
the mixed field strength; i.e., we have only one physical
"photon" state. In general, it is dificult to construct a
naive Nambu —Jona-Lasinio —type model with two in-
dependent composite states in an identical channel.

B. Model based on the confining gauge theory of SU(2)L,

In this subsection, instead of the three spinor
subquarks w, c (c& ), and h, we choose two subquarks, w as
a scalar and c(c&) as a spinor, which are bound into
quarks and leptons and other composite particles. Since
the composite particles will be generated by a confining
force based on a non-Abelian gauge theory [such as
SU(2)L], one can argue their compositeness on the basis
of the notion of complementarity, ' which postulates that
the physical equivalence between the Higgs (or broken)
phase, where elementary particles are present, and the
confining (or unbroken and hidden) phase, where com-
posite particles are generated.

The notion relies on the observation in lattice gauge
theories with scalars in the fundamental representation
(such as w), which indicates no sharp phase boundary
between the two phases and which can be paraphrased as
follows: let g and v be the gauge coupling constant and
the scalar vacuum expectation value and then for large g
and small v, the theory falls into the confining phase
while for small g and large v, the Higgs phase appears,
but these two are not separated by the sharp boundary
and turn out to belong to the same phase. If this is true
in ordinary gauge theories with scalars, one expects that
composites in the confining phase disguise themselves as
"elementary" particles in the Higgs phase since both con-
tinuously map into each other (as far as the energy scale
involved does not exceed the vacuum expectation value
or the confinement scale) because there is no phase
boundary. It can be found that the standard
SU(2)I X U(1) z model based on the Higgs phase of
SU(2)I is transformed into the one based on the confining
phase of SU(2)I with the kinetic y-Z mixing of the
Bjorken-Hung-Sakurai type. " It is rather faithful to
state that, in the confining phase, U(1)z is nothing but
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U(1), yielding SU(2)L XU(1), ~U(1), with SU(2)L
confined. Having this in mind, we will examine compos-
ite vector mesons made as s iD„s.

Let us turn to our discussion. Quarks and leptons are
described by composites of the scalar w and the spinor c
and c& formed through the confining gauge force based on
SU(2)1 (called as quantum subchromodynamics, QSCD).
The composite 8 and Z are constructed by the scalar
subquarks w. Since the exotic composite vector boson in
this model is also assumed to be a bound state of a scalar
subquark, a new scalar subquark denoted by g is intro-
duced and is set to be subcolor SU(2)L singlet but to carry
a new subcolor U(1)c charge. The extra subcolor U(1)c
gauge symmetry is a necessity for the existence of the ex-
otic vector boson in the present discussion. At low ener-
gies, SU(2)I is assumed to be confined, which is triggered
by w w=ww =I, and low-lying composite particles are
taken to have no U(1)c charge, namely, U(1)c is unbro-
ken and hidden, which is triggered by g g= l. Our low-

lying composite particles, i.e., quarks, leptons, 8' Z and
V, are taken to be subcolor SU(2)L' singlet and U(1)c
neutral, which are selected by the "duality" of the com-
positeness and "elementariness" arising from com-
plementarity. The starting Lagrangian is the one based
on SU(3), X SU(2)1 X U(1) z XU(1)z that controls the dy-
namics for w, g, c, ci, the photon, the gluon of QCD and
the subgluon of QSCD as well as the U(1)c gauge boson.
We consider the following two cases with (1) U(1) r-
charged (scalar) wI and (2) U(1)c-charged (scalar) wL.

w'I:(2, r' ', 0), (:(1,1;—1),
c,l:(2, Y—Q;Q), cz.(0, Y; —Q;;Q;)

(2.1Sa)

(2.15b)

with Y =B Land —Y,. =2Q,' =(0, —2) for
~=0; =(4/3, —2/3) for a=1,2, 3, where c =ci and
c' ' =c, together with (2) gauge bosons, Q„of SU(2)I,
B„ofU(1) and C of U(1)c. The charges Q and Q, are
to be specified. Composite quarks and leptons are con-
structed as

U(1)&-charged wL,

The constituents are (1) the scalars, wL and g, and the
spinors, ci and cR

The subcolor gauge theory should generate condensates
as

(w'Lwtj ) =6J, (wt' w, L ) =5b (gtg) =1 (2.18)

The scalar fields with the mass dimension =1 can be in-
terpreted as AwI and A&/, where A and A& are the
relevant mass scales.

Equipped with the substructure of Eqs. (2.16a), (2.16b),
(2.17a), and (2.17b), it is straightforward to reach the fol-
lowing Lagrangian for the subcolor-singlet composites
from the Lagrangian of the [SU(3), X ]SU(2)L
XU(1)&XU(1)& gauge theory: X,"0„&=Xk;„+X„,+Xo
with

1 1 eTr(u u" )
— v v" — A' A'"

I1 P~ ~ 2 P~ ~ I2 P~2g 4gc 4g

(2.19a)

A~„,=A Tr(g~W„) + (gi, V„)
2

(2.19b)

XD=QLy" i r)„+gii W„+gi,—V„+eQ, 2„'p

+g;z y" i B„+g i, V +eQ,'2
(2.19c)

up to the radial excitations in wt wL and g g, where
eA„'=g'B„; u„,=B„u =c),u„i [@„,—u ] and v„=B„v,—B.U„with

~(3)
u„=gw8'„+e 3„', U„=g~V +ed„'

2
(2.20)

The coupling constants, gw, gz, and e, are expressed in
terms of g, g&, and g' as

gw =g gv =gc 1 1 1 1
(2.21)

;„=—
—,'(XW„' '+ k~i, V„)3 '"' (2.22)

for the canonical kinetic terms of W„, V„, and A '.
To see the direct correspondence of V„as g iD„g to

V„defined in Eqs. (2.3) and (2.8c), let us examine the ki-
netic mixing term. It turns out to be described by X;„as

q I =g (g) w;I c Il,.L
=g (g.) w;L c&,L

a a

c;R 4
(2.16a)

(2.16b)

with

e e
Xy p

gw
(2.23)

= g w, 'I (i r)„+g 0„),wl Jb

a, b, k

fk
(3)

k
B„ (2.17a)

—,'g, V„=giD„g'=g[ia„—,'(g B„—g, C„)]g' . (2.17b)

and composite vector mesons W„(mainly for the W and
Z bosons) and V (mainly for an exotic vector boson) are
as

gii, (W' )J=(wL iD wl );

where Xzz will be related to A,
' of Eq. (2.14). Since the

mixing of 8'and V is missing, this Lagrangian is expect-
ed to describe the physics for the leptonic gluon with
Q =Q, =Q, (coupling to L), the color-singlet gluon with

Q =Q,. =Q, (coupling to B) and the isosinglet weak boson
with Q =Q;=(Q ) (=1/2) [coupling to (3B+L)/2].
The heavy photon will be found in the model with the
U(1)z-charged wL. It is not difficult to observe that the
replacement of the coupling constant gz as g&~Q, ,gz
or (Q )gz gives the same effective Lagrangian as Eq.
(2.10) with A,

' = Q i A, zz or ( Q )kzz and with
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Mw=gwA and Mv=g&A&. Other possibilities may in-
clude a "hypercharge boson" with Q = Y and Q; = Y;.

The physical photon, A„, is described by

3+
NO=pl y" id„+gii, W„+gi, V„+eQ,

3„=3 „' +A, 8'„+k ~ V„. (2.24) +P,~ y" i d„+g i, V„+eQ,'
2

(2.29b)

Similarly, the massive vector mesons with the diagonal-
ized kinetic terms take the form of with

W'(=Z')=&1 —a' W' — ' V
V

v v l ~z
u„'=gii, W„+—(gi, V„+ed„') .

2
(2.30)

2. U(l) c charged wl-

The scalar, which was assigned to (2,r;0), now carries
the U(1)c charge instead of the U(1)r charge as w;L..
(2,0;r ). The content of other particles remains intact.
The substructure for the subcolor SU(2)1 XU(1),-singlet
particles is assumed to be, for quarks and leptons,

q =g g'+Q'w' c" l =g g'+Q'w' c,

(7. +Q) g ( +Q) p
qw =5 ~z L=5

(2.27)

where r =(1,—1) for i =(1,2), and, for vector mesons,

giv( W„)'; =(wl iD„wL );

(2.25)

V„=Q(1—
A,

—
A, )/(1 —

A, )V„, lZ„+—=W„—.

The correspondence to the massive gauge bosons and the
photon in the Higgs phase can be understood by the al-
ternative identification of A„, lV„, V, and "K„—(with

wz =I and g= 1):

A„=sinOQ„+cosOb„, 'ld„=cosOQ„—sinOb

(2.26)

V„=cos O i,C„—sinO i B„,
where b„(=sinOi, C„+cosOi,B„) is associated with

U(1)D[+—U(1)r XU(1)c];g sinO=gDcosO ( =e) with

gD=g'gc/Qg' +gc=g'cosOi, =gcsinOi, .

Then, the equivalence of the Higgs phase to the unbroken
phase occurs as far as the scalar degrees of freedom are
frozen.

e gvQl I

y P'
gv gw

(2.32)

where the additional mixing between 8'„and V„
emerges. As previously announced, this Lagrangian
coincides with Eq. (2.10) for the heavy photon if the extra
U(1)c charge is identified with the hypercharge, i.e.,

Q= Y=B L, Q—, = Y, =2Q,' (2.33)

which yield J„=J„' since the extra charge becomes
nothing but the electric charge given by (r + Y)/2 for
QL and Q,' for g,z. The equivalence of the unbroken
phase to the Higgs phase proceeds in the same way as in
model (1) since fii, W„+gi, V„and gv V„satisfy the same
relation as Eqs. (2.17a) and (2.17b) at wI =I and /=I.

Summarizing the discussions in this section, we have
demonstrated that the exotic composite vector boson
effectively coupled to 3B (for the singlet gluon), L (for the
leptonic gluon), 3B +L (for the isosinglet weak boson) or
Q, (for the heavy photon) can be a bound state of the

sy„s type or the s iD„s type. The resulting effective La-
grangians (with the mass dimension ~4) in both cases
coincide with each other provided that the dynamics is
well approximated by the four-fermi interactions for sy„s
and by the SU(2)I confining interactions with the hidden
local U(1)c symmetry supplemented by complementarity
for s iD„s.

III. VECTOR-BOSON MIXING

and the same v in Eq. (2.20). The kinetic mixing terms
contained in X„„&are determined as X';„:
X';„=—

—,'(A, W„,+A,yi V„)A '" —
—,'A, "V W "' (2.31)

with

b fj fk=g w, ~ (i d„+g 9„),wL~b
—w, l gc —C„

(2.28)

with the same substructure of V„, Eq. (2.17b).
The Lagrangian for composite particles is found to be = —-'XW' W'& —-'k'W' V~ —-'k" W' V~

mix 2 Pv 2 PV PV (3.1)

We have seen that both models A and B lead to the
same effective Lagrangian involving mixings among the
photon A„', the neutral weak boson 8'„, and the exotic
vector boson V„. The relevant part for the mixings can
be read off from Eq. (2.10) in model A and from Eq. (2.22)
in model B and summarized as

1 1 e

(2.29a)

with k's given by Eqs. (2.13) and (2.14) [or equivalently
Eqs. (2.23) and (2.32)]. The physical photon is then
defined to be A„=A„'+A,W„+A.'V„as in Eq. (2.24).
Similarly, the interaction Lagrangian of quarks and lep-
tons is specified by
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X;„,=eJ'„A'"+gii J W ~+gvJ„V"
=eJ' 3"+g~J„R' "+g~J„V",

where

Jz=J3 —A(e/gii, )J„', J„=J„—&'(e/gi )J„'

(3.2)

(3.3)
M~Nc 4i/2G (Jz )2+ (Jx)2

v
(3.9)

grangian, we can now discuss various phenomenological
consequences. For low energies, where the kinetic terms
and their mixings are neglected, the four Fermi neutral-
current interactions take the form of

Z„= 0 Mii, cosg /Mz M.

sing�

/Mz

X„O M ii,sing /Mx M i,cosf /Mx

38„

(3.4)

where Mx z and P are specified by Mii, v, A, , k', and A, ":

zMx =Mx =MwMv

M2 +M2 [( 1 g&2)MZ +( 1 g2)M2 ]/Qg

(3.5a)

(3.5b)

2Mx Mz ( A, A.
' —A.

"
)

(Mx —M )&b,
(3.5c)

with 5=1—A, —A,
' —k +2XA, 'I,". The fields 3 y Z

and X„can be interpreted as the physical photon, Z bo-
son and exotic boson, respectively. One can further ex-
press the relation (3.5b) in terms of measurable masses,
Mivz x, by eliminating Mi, of V„by Eq. (3.5a). The rela-
tion now reads

[1—(1—k )Mz/Mii, ][1—(1 —A. )Mx/M~]

(3.6)

Since A, 's are given by the charges, e, g~, and g~ as in
Eqs. (2.13) and (2.14), relation (3.6) imposes a constraint
on the unknown parameters, Mz and gz. The interaction
Lagrangian (3.2) is transformed by Eq. (3.4) into

X;„,=eJ' 3"+d Zi'+cP X",
where the currents cf and 8„are computed to be

8„=(gii,J„cosg/Mii, gi,J„sing/Mi, )Mz- ,

Px=(gii,J sinPIMii, +gi,J„cosPIMi, )Mx .

(3.7)

(3.8)

Equipped with the explicit form of the interaction La-

The appearance of the electromagnetic contributions in
J„' represents the phenomenon of the vector-meson
dominance of the photon. It should be noted that
describing the interaction terms in this way only deals
with the kinetic mixings but no mass mixings and that
the equality of A, (e/gii, )=(e/gii, ) (=sin 8) yields the
standard current of Z: J„—sin OJ„' .

To reach the physical vector fields with no kinetic mix-
ings, one should make the transformation that diagonal-
izes the kinetic mixing terms in Eq. (3.1) without causing
new mass mixing. It can be achieved by the orthogonal
transformation on the (M~ W„,Mi, V„) basis that
preserves the mass term of [(Mii, W„) +(Mi V&) ]/2.
Let A, Z, and X be the diagonalized fields and Mz and

M~ be the masses of Z and X, then the diagonalization
proceeds via

The following comments are in order. Since J„ is the
combination of J and J„', the new contribution from
the J piece vanishes for the neutrino-induced reactions
as long as J„does not couple to neutrinos. In our cases,
it occurs in the models with the color-singlet gluon cou-
pling to the baryon number because neutrinos do not car-
ry the baryon number and with the heavy photon coupling
to the electric charge because neutrinos are electrically
neutral. In Ref. 19, we determined limits on Mz and g~
of the leptonic gluon (see also Ref. 21), color-singlet
gluon and heavy photon from the presently available ex-
perimental results: (i) the weak mixing angle sin8ii, from
the neutrino scattering; (ii) the compositeness scale A,
from the Bhabha scattering; (iii) the same
as in (ii) but from pp —+ a single jet+ anything;
(iv) o.(pp ~X+anything)8 (X~two jets); (v)
o (pp ~X+anything)B (X—+ e +e ). The results from
the neutrino and Bhabha scatterings place the strongest
restrictions on the leptonic gluon such as M~ ~ 450 GeV.
Similar restrictions are expected to arise for the isosinglet
weak boson, which were extensively discussed in Ref. 25.
On the other hand, since the singlet gluon and heavy
photon decouple from neutrinos at low energies, the
weaker restrictions imposed on the singlet gluon such as
M& ~ 170 GeV but essentially no mass bound arises for
the heavy photon. Also investigated were the effects of
these exotic bosons on e+e scattering in the energy re-
gions of 50—100 GeV available at KEK, SLAC, and
CERN, which were found to give sizable contributions if
the color-singlet gluon or heavy photon is mediated.
Further extensive analysis is under progress and will ap-
pear in a separate paper.

IV. CONCI. USION

We have studied properties of neutral exotic vector bo-
sons expected in composite models of quarks and leptons,
especially those of leptonic gluon (coupling to the lepton
number), color-singlet gluon (coupling to the baryon
number), isosinglet weak boson (coupling to the weak
charge) and heavy photon (coupling to the electromag-
netic charge). The gluons and photon are elementary
particles of SU(3), XU(1), . The underlying dynamics
for composite particles are based on the following two
models: (A) a nonlinear interaction model of the
Nambu —Jona-Lasinio —Bjorken type and (B) a U(1),
model with the confined subcolor SU(2)L and hidden
U(1)c symmetries. Quarks, leptons and vector bosons
selected as low-energy degrees of freedom are made of
fermions (denoted by f) as fff and (ff )J, in (A) and of
fermions and bosons (denoted by b) as bf and (b b )~ i in
(B). The so-selected composites in (B), which are singlets
of SU(2)L XU(1)c, can be found to satisfy the principle of
complementarity that ensures the "duality" between f
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and bf (thus, the anomaly matching on chiral symmetries
for bf) and between subgluons and (b b )z, . Other pos-
sible composites such as ff and (b b)~ o are considered
as being heavy enough.

The physically remarkable consequence is that these
essentially different dynamical models give the same mix-
ings among the photon, Z and exotic vector boson as well
as the same interactions with quarks and leptons. The
differences, of course, arise at higher energies of —1 TeV,
where these models predict the different spectrum of
composites. So, we expect the same phenomenology of
exotic vector bosons below the energies ~ 1 TeV, espe-
cially, at the presently available accelerators. The details

of the phenomenological analysis are left for future dis-
cussions. Our preliminary conclusion is based on Ref. 19,
which deals with leptonic gluon, color-singlet gluon and
heavy photon but not isosinglet weak boson. Since
color-singlet gluon and heavy photon, contrary to other
particles, decouple from neutrinos at low energies
( ((M~), these composites are not so restricted by exper-
iments and allowed to be relatively light. As a result,
their contributions will manifest themselves through the
precise measurements of the e+e scattering in the ener-

gy regions of 50—100 GeV, which can distinguish the
effect of the leptonic gluon from that of the heavy pho-
ton.

~J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); K. Matu-
moto, Prog. Theor. Phys. 52, 1973 (1974); J. C. Pati, A.
Salam, and J. Strathdee, Phys. Lett. 598, 480 (1975).

K. Akama and H. Terazawa, INS Report No. 257, 1976 (un-

published); H. Terazawa, Y. Chikashige and K. Akama, Phys.
Rev. D 15, 480 (1977).

M. Yasue:, Prog. Theor. Phys. 59, 534 (1978); 61, 269 (1979);Y.
Tanikawa and T. Saito, ibid. 59, 563 (1978); T. Ne'eman,
Phys. Lett. 828, 69 (1979).

4For reviews, see H. Terazawa, Phys. Rev. D 22, 184 (1980); in

Physics at TEV Scale, proceedings of the Meeting, Tsukuba,
Japan, 1988, edited by K. Hidaka and K. Hikasa (KEK,
Tsukuba, Ibaraki, 1983), p. 131; M. E. Peskin, in Proceedings

of the International Sympsoium on Lepton and Photon Interac
tions at High Energies, Kyoto, Japan, 1985, edited by M.
Konuma and K. Takahashi (RIFF, Kyoto, 1986), p. 714; J. C.
Pati, in Superstrings, Unified Theories and Cosmology, 1987,
proceedings of the Summer Workshop, Trieste, Italy, 1987,
edited by G. Furlan et al. , ICTP Series in Theoretical Phys-
ics, Vol. 4 (World Scientific, Singapore, 1987), p. 362.

5M. A. Beg and A. Sirlin, Annu. Rev. Nucl. Sci. 24, 379 (1974);
S. Weinberg, Phys. Rev. D 19, 1277 (1979);G. 't Hooft, in Re-
cent Developments in Gauge Theories, proceedings of the Car-
gese Summer Institute, Cargese, France, 1979, edited by G. 't

Hooft et al. (NATO Advanced Study Institute Series B:
Physics, Vol. 59) (Plenum, New York, 1980), p. 135; L.
Susskind, Phys. Rev. D 19, 2691 (1979).

5F. E. Low, Phys. Rev. Lett. 14, 283 (1965); H. Terazawa, Prog.
Theor. Phys. 37, 204 {1967);T. Appelquist and J. D. Bjorken,
Phys. Rev. D 4, 3726 (1971); K. Matumoto and T. Tajima,
Prog. Theor. Phys. 52, 741 (1974); H. Terazawa, M. Yasue, K.
Akama, and M. Hayashi, Phys. Lett. 1128, 387 (1982); M.
Kuroda and D. Schildknecht, ibid. 1218, 173 (1983); M.
Yasue and S. Oneda, Phys. Rev. D 32, 317 (1985); 32, 3066
(1985).

7For an attempt of calculating quark-lepton masses including
exotic fermion masses, see, for example, A. Masiero, R. Pet-
torino, M. Roncadelli, and G. Veneziano, Nucl. Phys. 8261,
633 {1985);M. Yasue, Phys. Rev. D 36, 932 (1987); Prog.
Theor. Phys. 78, 1437 {1987).

sCDF Collaboration, P. Sinervo, in Proceedings of the XIVth In
ternational Symposuim on Lepton and Photon Interactions,
Stanford, California, 1989, edited by M. Riordan (World
Scientific, Singapore, 1990); UA2 Collaboration, K. Eggert,
ibid.

Mark II Collaboration, G. S. Abrams et al. , Phys. Rev. Lett.
63, 2173 (1989);L3 Collaboration, B. Adeva et al. , Phys. Lett.
B 231, 509 (1989); ALEPH Collaboration, D. Decamp et al. ,

ibid. 231, 519 (1989); OPAL Collaboration, M. Z. Akrawy
et al. , ibid. 231, 531 (1989); DELPHI Collaboration, P. Aar-
nio et al. , ibid. 231, 539 (1989).

I U. Amaldi, A. Bohm, L. S. Durkin, P. Langacker, A. K.
Mann, W. J. Marciano, A. Sirlin, and H. H. Williams, Phys.
Rev. D 36, 1385 (1987); G. Costa, J. Ellis, G. L. Fogli, D. V.
Nanopoulos, and F. Zwirner, Nucl. Phys. 8297, 244 (1988).

"J.D. Bjorken, in Proceedings of the Ben Lee Memorial Interna
tional Conference on Parity Nonconservation, Weak Neutral
Currents and Gauge Theories, Fermilab, Batavia, Illinois,
1977, edited by D. B. Cline and F. E. Mills (Harwood
Academic, New York, 1979), p. 701; Phys. Rev. D 19, 335
(1979); P. Q. Hung and J. J. Sakurai, Nucl. Phys. B143, 81
(1978).
K. Akama, in Physics at TEV Scale (Ref. 4), p. 131;M. Suzuki,
Phys. Rev. D 37, 210 (1988); K. Akama and T. Hattori, ibid.
39, 1992 (1989);M. Yasue, Mod. Phys. Lett. A 4, 815 (1989).
Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961);J.
D. Bjorken, Ann. Phys. (N.Y.) 24, 174 (1963).
G. 't Hooft, in Recent Developments in Gauge Theories (Ref.
5); R. Casalbuoni and R. Gatto, Phys. Lett. 938, 47 (1980);H.
Terazawa, Prog. Theor. Phys. 64, 1763 (1980); O. W. Green-
berg and J. Sucher, Phys. Lett. 998, 339 (1981).
L. F. Abbott and E. Farhi, Phys. Lett. 1018, 69 (1981): Nucl.
Phys. 8189, 547 (1981);T. Kugo, S. Uehara, and T. Yanagida,
Phys. Lett. 1478, 321 (1984); S. Uehara and T. Yanagida,
ibid. 1658, 94 (1985).
G. 't Hooft, in Recent Developments in Gauge Theories (Ref.
5); S. Dimopoulos, S. Raby, and L. Susskind, Nucl. Phys.
8173, 208 (1980); T. Matsumoto, Phys. Lett. 978, 131 (1980);
R. Casalbuoni and R. Gatto, ibid. 1038, 113 (1981)~

7Terazawa, Chikashige, and Akama (Ref. 2); Terazawa (Ref. 4);
I. Ito and M. Yasue, Phys. Rev. D 29, 547 (1984); M. Yasue,
ibid. 39, 3458 (1989).
See also, M. Yasue, Nucl. Phys. 8234, 252 (1984).

9K. Akama, T. Hattori, and M. Yasue, Phys. Rev. D 42, 789
(1990).
(a) Akama and Hattori (Ref. 12); (b) Phys. Rev. D 40, 3688
(1989)~

~tAkama and Hattori [Ref. 2O(b)].
E. Fradkin and S. H. Shenker, Phys. Rev. D 19, 3782 (1979);
T. Banks and E. Rabinovici, Nucl. Phys. 8160, 349 (1979).

2 Yasue (Ref. 12). See also, V. Visnjic, Nuovo Cimento 101A,
385(1989).

24M. Kuroda, D. Schildknecht, and K. H. Schwarzer, Nucl.
Phys. 8261, 432 (1985); C. Bilchak and D. Schildknecht, Re-
port No. BI-TP 8/18, 1989 (unpublished).
K. Akama and T. Hattori (in preparation).


