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Within the framework based on the local “flavor”-SU(2)° X U(1)'° symmetry, excited states of
the weak bosons W* and Z* are regarded as bound states of spinor constituents with the compos-
iteness scale Acomp~ 1 TeV, which are formed by the four-Fermi interactions of the Nambu-Jona-

Lasinio—Bjorken type.

From the complementarity viewpoint, which further requires a local
“color”-SU(2)%° symmetry, it is shown that the SU(2)¥°

XU(1)% model with W* and Z¥ is

equivalent to an SU(2)¥°XU(1)%° X SU(2)° model realized in the Higgs phase of SU(2)$". The

masses of the weak bosons, my z,

meW

and of the excited weak bosons, m

S satisfy

«=cosOm zm 2% for 6 being the mixing angle of the gauge particles. Phenomenological im-

plications of the presence of W* and Z* are discussed.

I. INTRODUCTION

Composite models of quarks, leptons, and gauge bo-
sons, in which “elementary” particles are further made of
more fundamental particles called subquarks (or
preons),! predict various exotic particles including excit-
ed states of quarks, leptons, and gauge bosons. Although
the compositeness scale A.,n,, can be any value ranging
from ~1 TeV to ~10!° GeV, there is an expectation that
it provides the Fermi scale G '/? (~300 GeV), which is
the energy scale accessible to the existing or planned
high-energy colliders. If this is the case, exotic compos-
ites can be as light as ~1 TeV and participate in today’s
physics. In particular, the presence of the excited states
of weak bosons? W* and Z * significantly affects charged-
and neutral-current interactions. However, their interac-
tions with quarks and leptons are not arbitrarily chosen
but constrained not to disturb the well-established low-
energy interaction phenomenology that has been de-
scribed by the exchanges of the (standard) weak bosons
Wand Z.

The observed properties of W and Z are consistent

with those of gauge particles of the standard
SUQ)P*XU(1)%° model. The measured masses turn out
to be’ my=80.76+1.72 GeV and m,=91.59+2.14

GeV, which are just the right order of eG; '/ of the
spontaneous SU(2)1° X U(1)%° breaking. Thus, it is quite
conceivable that SU(2 )'°°><U(1)1°° for W and Z is still
effective even in the presence of exotic composites. Once
SUQR)P*XU(1)s° is present, W and Z arise from the
gauge fields ;’ of SUQ)f° and B,, of U(1)¥°, while W*
and Z* can be introduced through SU(2)’°°-tr1plet matter
fields* V*‘”) (a=1,2,3). In the case of composite W and
Z based on the y-Z mixing scheme,’ there have been lots
of discussions on W* and Z* (Ref. 6). But, now, these
composite W and Z must simulate the gauge bosons to
meet my, ; ~eGy '/* (but not ~ G;I/Z)

The SU(2)°-triplet matter fields ¥*'® are assumed to
be bound states of L-handed spinor subquarks wy;
(i=1,2), carrying the two weak  charges’
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V;(“)~w_Lyﬂ7'(“’wL. To generate the composite W* and
Z*, we adopt the four-Fermi interactions of the
Nambu-Jona-Lasinio—Bjorken type,® which will deter-
mine an effective theory for W* and Z*. The previous
attempts can be found in the discussion on composite
weak bosons of the SU(2)1° X U(1)%° symmetry® or of the
y-Z mixing type'® and on a composite leptonic gluon.'!
For V*'¢, the kinetic mixing with gauge fields will be
generated as in the y-Z mixing,> where y is replaced by
V'@ and Z is replaced by V*'. These bosons V'¢, B,
and V*'9 will be mixed into v, W, Z, W**, and Z*.
The excited weak bosons ¥*@ (~W* and Z*) espe-
cially generated by the four-Fermi interactions can be
shown to be equivalent to massive gauge particles of a
new “color”-SU22)¥° symmetry.'? The . “flavor”-
SUR)PeX U1 )10C model with W* and Z* is enlarged to
an SUQR)P*X U(1)g° X SU(2)2° model with the composite
“color” gauge bosons under the complementarity condi-
tions that relate the ‘“‘color” symmetry to the “flavor”
symmetry.'> By the transmutation'* of SU(2)¥°, the
“color” gauge particles are converted into ¥*'®. Since
this “‘color’” symmetry can act as a mass-protection sym-
metry for W* and Z*, it is possible to generate light W*
and Z* with masses of the order of Ay, times the
U(2)%° coupling constant as far as the coupling is
suﬁicxently small. It will be found that in most of our
analyses the SU(2)° X U(1)\g° X SU(2)2° model can be re-
garded as an ordinary gauge model with the fundamental
gauge particles (such as the L-R gauge model also with
extra Wand Z). 1
Our phenomenology is affected by light particles with
the masses << 1 TeV, which should imply the presence of
mass-protection symmetries. Light particles of our mod-
el will consist of (1) the photon y and the weak bosons W
and Z, protected by the spontaneously broken ‘“flavor”-
SuUR )l°°><U(1 )'oc symmetry, (2) the excited weak bosons
W* and Z* by the “color”’-SU(2)%¢ symmetry, and (3)
quarks and leptons to be protected by the chiral version
of the Pati-Salam symmetry.'® The masses m

are found to satisfy mym

w,z,w*, z*

=cos@mzm ,« for 6 being

W*
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the mixing angle of the gauge bosons.!” Since
cos@~my /m, is required from low-energy neutrino-
induced reactions, '® it yields m # =M xR 200 GeV set

by the UA1 and UA2 data.!®

Relying upon the four-fermion interactions, we exam-
ine various properties of W* and Z*. In the next section,
the transmutation of the local “color”’-SU(2 )10C symmetry
is explained. The underlying dynamics is given by non-
linear interactions of subquarks and the effective La-
grangian for W* and Z* is derived. In Sec. III, proper-
ties of W* and Z* are examined on the basis of the
effective Lagrangian. In Sec. IV their phenomenological
implications are discussed. The final section is devoted to
summary and discussions.

w

II. MODEL

A. W* and Z* as massive gauge particles

Let us first review a specific aspect of composite vector
bosons generated by four-Fermi interactions.?® In a re-
cent paper,'? we have advocated that W* and Z* are
massive gauge particles of a new local “color”-SU(2)¥°
symmetry.?! The “flavor”-SU(2)* X U(1)'9° model with
W* and Z* can be enlarged into an SU(2)X*XU(1 )10c
XSU(2)g° model with the SU(2)%%-triplet gauge fields, %
in Wthh SU(2)I°XSU(2)¥° is broken to its diagonal sub-
group SU(2)%¢ in the Higgs phase or reduced to SU(Q2)e
in the confining phase. Following complementarity'’
that utilizes the physical equivalence between the
confining phase and the Higgs phase at low energies, >’
one observes that W* and Z*, which lie in the confining
phase, are the massive gauge bosons of SU(2)¥°, which
appear in the Higgs phase. In the following, we briefly
discuss how the gauge bosons are converted into W* and
Z*

The ingredients®® are the SU(2)¥¢°-doublet spinor ¥,
(m——l ,2) and the SU(2)*°- and SU(Z)I"C-doublet scalars
&, (i=1,2), which provide our subquarks w;; ~(£")"x,,,
and our excited weak bosons (up to the “flavor” gauge
fields) V*J &Hria L~ 18:9)mEL.  The “flavor”-
SU(@2 )1°°-mvar1ant Lagranglan for generating V'* is given
by

Loous=iw,y *a,—igV,w -—81\12 (wy ' w2,
V*

2.1

where A «~1 TeV (~Ay,,), which is subsequently
transformed into

L

*
cont = HOLY (3, ~ gV, —ig "V} by +—— (V1))

(2.2)

with the auxiliary field ¥} =(7'“/2)V%'“ and the mass

parameter i« defined by

V*(a) —_ w, ’)/#T(a)wL ,

s (2.3a)
12 zg*A%/*
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e =g*A (2.3b)

The transmutation of the local “color”- SU(2)’°° symme-
try occurs if (£N)rEl =A2.8/, also leading to
§’;,,(§T)}'=A2 «8" . These condmons preserve the
“color”-SU(2)%%° symmetry. Thus, we are 1n the confining
phase Converting V; into G,:g V*—§‘ (i3, +8,9,)&/
A —gV, with w; 1nto XLt wL, (EH" )(Lm/AV* yields
the mamfestly SU(2)!%-invariant Lagrangian .£; :

"Cinv:iﬂyu(ay—igsg,u)XL
+1(3,—ig,9,)6+igEV,|* .

Since the ‘““gluons” QL”) have no kinetic terms, it is fair to
stress that “confining” only means ‘“unbroken” and ‘‘hid-
den.”?

From complementarity, .L . realized in the confining
phase can be replaced by Ly;,,, in the Higgs phase,
where (& (x))= A8, is assumed. Since all the
Nambu-Goldstone scalars U in & =A,+exp(iU/A ,«) are

absorbed by the gauge fields gﬁf), these scalars do not ap-
pear. The Lagrangian .£, , turns out to be

L yiggs =0, M, — if V,—if *V* w
+ l(g +g2)A2 (C\/ﬁ(a))Z ,

(2.4)

(2.5)

with  f=gsin0*=g cos6* and [f*=g,cos6* for

sin0*=g /(g2+g?)""?, where
V,=sin0*g, +cos6*V (2.6a)
5 =cos0* G, —sin0*V,, . (2.6b)
The massive gauge bosons YV are related to

Vii(giteg, )1/2‘\/*—g Vi for &= A
gauge bosons ‘V# are assoc:1ated w1th the unbroken
gauge symmetry SU(2)kc.

To see the equivalence between £ ¢ of Eq. (2.1) and
L yiggs of Eq. (2.5) calls for the dynamical shift of V, and
V5 into the physical fields YV, and_9Yj. In .Lconf,
Cv Vit (A/V1=A)V¥ and ‘V*—\/l——AZV* are in-
duced by the kinetic mlxmg between V and V*, where A
is the mixing parameter [see Eq. (2.16)] and, in L Higgss the
mass mixing as in Egs. (2.6a) and (2.6b) occurs. It can
then be demonstrated that, for the coupling to w; as in
Egs. (2.2) and (2.5),

and the new

gV, +g*v; =g<vu+—g* 1— &2 Vi, (27a)
Vi—a? g*
in*6*)V% , (2.7b)

and also, for the possible gauge coupling to other fields,
@;, for w; appearing through the covariant derivative
D,=3,—igV, as L(D,g,),

_ A -
gv,.=g ‘V#— i y* ——f(‘\/'ﬂ——tanG*‘V;) . (2.8)

Since g [of the SU(2 )loc coupling] and g* can be translat-
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ed into f [of the SUQ)X® coupling] and g, respectively,
the equivalence arises if

A=g/g*=sin0*(=f/g,),

which turns out to be the case [see Eq. (2.17a)]. Thus, it
establishes the  physical equivalence  between
Loons+L(D,g;) and LnggS+,£(Dy<P,) (Ref. 26). The
mass for V* becomes g*A ./V'1—A% in L, and
8 A+ /cos0* in Ly, that are the same.

The advantage of regarding vector bosons as massive
gauge particles lies in the possibility that the broken
gauge symmetry serves as a mass-protection symmetry
for the vector bosons, which naturally allows light masses
(~g*A ) of the vector bosons as far as their coupling
g* is small enough. If it is really what happens in the
composﬂ:e W* and Z*, they turn out to be light particles
withmp e e << Alomp (for g*?<<1). Of course, a univer-
sality of the V'* coupling is also a natural consequence. >

(2.9

B. Basic Lagrangian

As a realistic model, we adopt the fermion-boson sym-
metric model that contains scalar subquarks §=(¢,,;),
as well as spinor subquarks s =(c,,w;) where ¢, and c,
carry the lepton number (a=0) and three colors
(a=1,2,3) (Ref. 16) and w; and w; carry the two weak
charges (i=1,2) (Ref. 7). Quarks and leptons, f,;, are
expressed as f,;=C,w;+w;c, for fo,=v,, fo,2
fo1=u,s and f,,=d, (a= 1,2,3), where W=, L +1‘I)RR

and ¢=¢ L +CxR with L =(1—ys)/2 and
R =(1+y5)/2. The electric charges Q., of the
subquarks are given as Q.,=(—4,1,14,1) for

a=(0,1,2,3) and Q.,,=(1,—1) for i =(1,2).! The light-

ness of quarks and leptons can be ascribed to the global
SU(4); XSU(@4), symmetry?’ [or SU(3), XSU@3)z sym-
metry],?® under which (,,,Cro)s (CLwCre), and
(fLi,arf Ri,o) transform as (4,4).

The interactions respect the local SU(2)P°XU(1)¥°
symmetry for the gauge bosons and the global
SU(4); XSU@4)g symmetry for the quarks and leptons.
The underlying dynamics is assumed to be described by
L =’£conf+’£0+°£mass:

L= zwLy"(a —igV,wp
— (w, y*r'Dw, )2, (2.10a)
SA%/* L?/ L
Y 2
Lo=||3,~ig' 5B, [T +1(3,—igV,)w. |
syt o, —ig' LB (2.10b)
isy LT Ig > Bu s .

L ass= [:u'c IcLl2+|ER|2
—mc[Cc +A (T LER

iy 2+ wg 9]

+ekel, (2.10¢)

for 5(s)s#w, (wy ), where A, ~A omp; Y=0 for @, and w;,
and =2Q., for others. The inclusion of the kinetic
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terms for the gauge fields is understood. The mass pa-
rameter m represents the feeble breaking of
SU(4);, XSU(4)z and is expected to provide tiny masses
for quarks and leptons. Requiring m¢ <<A ,p, can be
considered as being natural.?’ On the other hand, requir-
ing p, . <<Agomp is known to be unnatural unless 0 g
are the Nambu-Goldstone particles®® or supersymmetric
partners. The fermions will be produced as light particles
if the scalar subquarks contained are kept light; otherwise
the fermions will acquire masses of the order of A, In
the followmg, we assume that all subquark masses are
subject to m? subquark << Awm]J

For consistency, quarks (f,;), leptons (fg;), and a

Higgs scalar (¢) are also introduced as auxiliary fields®!
L,= A—f[fi (D, &)yt w — fi(D,®)y*c

—wiyHD,e) f +eiyHD,w) f]
—[®B(®'L +®PRWw +E&, 6|2, >+ |wg |2)]

~Ag|¢|2—%f(¢*L +®R)f , (2.11)
F
with D, being the appropriate covariant derlvatlve con-
tammg V‘“ or B,, where Gf¢ Acomps Sw~1;
=(45,0); $=(9,9,)% and ¢O=(¢3,~¢1)T with
Qem =(1,0) for (¢,,¢,). It should be noted that the in-
teractions for composite fermions are of the chirality-
conserving type, which realizes the naive expectation that
w; (and @, ) assigned to the 2 of SU(2)'*° leads to f; be-
ing 2. Since f®f breaks SU4), XSU(4)g, the factor m¢
is placed in its coupling. The compositeness of f and P is
described by

S1ia= 1Y (WR;j0,Cra—CRGO, R, )P /M lp|2m>

+(---), (2.12a)
SRi,a= 1Y W (WL;0,8L o €L o0, Wy ; )(q)f)ij /mc|gl2m?

+(--), (2.12b)
q)u wRJle /-/’/l +( ) (2.120)

where M>=A3+E,(|@, |>+|wg|*). The total Lagrang-
ian L =L et Lo+ L +L ., together with the ki-
netic terms of the gauge fields, finally prescribes subquark
dynamics.

C. Effective Lagrangian

Owing to quantum corrections, the composite auxiliary
fields become propagating fields. The effective Lagrang-
ian for composites is defined by

i [d* Log|= [ Las]ds " ds]Lds]
i fd*x L
After integrating the subquark fields and rescaling ¢ ac-

cording to ¢—g,p, one finds at the leading order the
compositeness conditions

exp

X exp (2.13)




g*N,J,/3=1 (2.14a)
2g3N,Jo=1, (2.14b)
57,/2A5=1 (2.14c)

which yield canonical kinetic terms, respectively, for the
excited gauge bosons, Higgs scalar, and quarks/leptons,
where N, is the number of the copies of @ and w. The
divergent integrals J,  are defined
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. . ., Y
o,—igV,—ig*V, —ig 78#
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n i
-1 +1f(2 )4 2)2—n 4 (2.15)

—m

where 7 ( <<Aom,) stands for an average mass of 5 and
s. The divergent integrals J;, are regulated to give
J,=A%/(4m)* and Jo=In(A/m)*/(4m)* for A~A omp
(Ref. 32).

The effective Lagrangian £ is now written as

+g*2(i [ Vy , V: ])(a)(i [ V*”, V*v])(a)}

J
2
—uglolP—aylel*,

é (2:16)

f

approach based on the nonlinear interactions, the gauge
bosons can be constructed as composites including the
scalar subquarks. It is well known that composite vector
bosons made of scalars behave like gauge particles.*
The compositeness can be expressed by

VO =—(iw 3,/ +iw,y,ta"w, ) /gw [ o, ,
(2.19a)
— (=18 veo<= 1w Tv2e
B,= (i3 ayYs+s'y#Ys)/gs Y%, (2.19b)

for (3,s)#(w;,w;). The compositeness conditions for
V, and B, are given by g’N,J,/2=1 and
g'*(3N, +4N, )Jo/6—1 (Ref. 35). These conditions to-
gether with Eq. (2.14a) yield the useful relations

sin?0=3N,, /2(3N, +2N,) , (2.20a)

L = .1_{ V(a)V a);w+ V* a)V*(a)yv+B B”V+2A.V(G)V*(a v
€l 4
( (a)y(; v
+2gVE g VI [ Vv
+1 2 V*(a)V*(a)u+~f_ 9 —igV —ig*V* —i 'XB
Hy*V VeV |Op™ 18V~ Vy—18 n
.7 ., Y =
tifrYy |9, 08 By |fx +hf('L +<I>R)f+‘
where
A=g/g* (2.17a)
h=gymc(A;+AJy) /A, (2.17b)
Ay=g3(1—§%) (2.170)
=g [A}—(8A%/5)(1—&,)N, 126,15, - (2.17d)
The field strengths are defined by
(a)
=T pyla)— — i
V= > Viy =9,V, avV#-i-zg[V”,Vv] , (2.18a)
BW=8#BV——8HBV , (2.18b)
(a)
T pxa
V;,V: 3 V;v”

=9,V —o,V; +ig[V,,Vy1—iglV,, V.1,
(2.18¢)

To provide the spontaneous breaking, y¢<0 and A,>0
are imposed so that {¢)=(0,v/V2) is generated.

Let us touch on the lightness of quarks and leptons.
The mass of f is calculated to be my=mymc(A,
+AJo)/ V2A2 7 The suppression factor represented by
mc/A; arises because of the explicit breaking of
SU(4)L XSU(4)g. The anomaly-matching constraints®
on the chiral SU(4) symmetry may not be required if we
take the nonlinear interactions as a basic dynamic since
subquarks are not confined. However, if one insists that
it is regarded as an approximation for deriving an
effective theory as low-energy manifestation of a
confining subcolor theory,3® the anomaly matching
should be respected and is readily satisfied by imposing
N,=2N, (Ref. 27), where N (N,) is the number of the
subcolors (generations).

Finally, we make a few comments on the possible com-
positeness of the weak gauge bosons. Within the same

=v3/2g , (2.20b)

where N, counts the number of the copies of ¢ and c
The typlcal values of sin®0 are calculated to be sin’6=

=1), & (x=2), ¥ (x=1) for x——N /Ny. For later
quahtatlve discussions, the value ofg* =132 /2g that cor-
responds to a certain unification condition on g* in
SUQ2)PeX U(1)'g° X SU(2)¥° will be used as our reference
value.

III. EFFECTIVE INTERACTIONS FOR W* AND Z*

The Lagrangian for W* and Z*, Eq. (2.16), contains
the kinetic mixing of the gauge fields with the matter
fields. It can be removed by the redefinition of the fields
as

7.(a)

V, 3

(3.1a)

i

(a) — —
VO=V,+A/V1-A)VE,

T e =/ T2
Vi= Vi =Vi=2vE, (3.1b)
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where A is the coefficient of the kinetic mixing of
Vi V¥ ie, A=g/g* ( =v2/3). After the redefinition,
the Lagrangian for vector bosons, .L;_,, is transformed
into

=£J=l= —%{CVL”V)CV(“)”V"I“V;‘(,G)LV*(“)
F2ApVid A, VEDV G [V*E,V*])
+7\.V*V*(i[C\/;,C\f:])(a)(i[CV*”,CV*V])(“)}
+imi/* cv*(a)cv*(a),u_lB VB,uv , (3.2)
with vV, =(7'/2)V@=3,vV,—3,V,+ig[V,,V,] and

‘V#V:(T /2)‘\/*(“)—6 ‘V*—a ‘V*-Hg[‘\f ‘V*]
—ig[V,, V3], where AV g A *—[g +gk(2k2~3)]/
(1—}\2)3/2 }\'V*V*—[g*z_‘tgg*}‘ 3g2}h2(}\2_2)]/
(1—2%? and m,, ‘LLV*/\/I—}\Z(Wlth,u «=g A %)

The vector ﬁelds ‘V“’ B,, and ‘V*(“ are mixed to yield
A —-se‘V +c9B

W cs Vi

W:i —s5 c V;i , (3.3a)

z, Cq z,

z: = ["Sa V;“” s (3.3b)
where Zg=cg‘\f;3)-s93#, with ¢y=cos0, sé=sin9, etc.

The mixing with the photon 4, is forbidden owing to
U(1)!. The mixings of the remaining fields are deter-
mined by the mass terms. The spontaneously generated
masses are obtained from |[gV,+g*V} +(g'/2)B ¢/
with ¢ replaced by (¢)=(0,0/v2)T. Addmg the hard
mass m, .« gives mass matrices M*" on the (‘VH) ‘V;(i))

basis and M" on the (Z}, V") basis:

2 2
. mW() eEm wo
M= (3.4a)
em 5,,0 m?V* +éem :VO ’
2 2

mZo GCgm‘zo ( )

M= 3.4b
ecomlo mistelmio |’
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where  m o=com_=gv/2 and =[(g*/g)—A)/
V'1—AX%=1/V2). The masses of W, Z, W*, and Z* are
calculated to be :

miy=(cotess)’mlotsimla, (3.5a)
mi= (ca+ec9sa)2mzo+samcv* , (3.5b)
m;,*=(s5——ec5)2m;,0+c§m§,* R (3.5¢)
ml=(s,—€coc,)’mlotelm?a . (3.5d)
The mixing angles are given by, for s, 5 <0,
=[Vb —lcj(e+r2)—1]1/2Vb , (3.6a)
si=(Va —|e+rlu—1))/2Va , (3.6b)

where a =(€’+r « _1)2+4€z
—1P+4dcied, with rou=m s /m,
Only demanding that the breakmg of SUQR)PeXU(1)g*
to U(1)l be generated by the interactions with the weak
isospin I =1 as those from the Higgs scalar ¢ one can still

find useful relations.!” The mixing angles and masses
satisfy

and b=[c3(e +rw*)

cimp+siml o =chlcimi+sim2.), (3.7a)
- 2,2
skmd +tefmla=simz+cim« , (3.7b)
csSsmp s —miy)=cocoso(mie—m3), (3.7¢)
from which the simple relation
Mym,«=cosO mym (3.8

is derived. The limit of @,6—0 leads to my, =
m_ «=m

cgmz (and
z+=m ), which is specific to the I=1 interactions.

The mixing angles can be expressed as functions of the

masses: for Mo >My .,

=(m “m;%y)(m;* W* )/sgmz*(mé*—m%) ’

(3.9a)

TABLE I. Triple-boson couplings involving at most one W* and Z*. The momentum carried by each bosons is denoted by k, p,

orgq.
k.p,q g 8 83

ywwt solgcd+Ays) 0 0

Zw-wT (ged+Apst)coc, gcocatI(Ay+glcs+A 45515554 Same as g,
+(gc,5+)»y*s5)55sa

W*tw—y 0 0 (g —Ap)eSsCs

Z*wWwt —(ge2+Ayst)ces, —8¢oSaTI(Ay+gles A xs51s5¢a Same as g,
+(gc5+ky*s5)s5ca

w* - wtz (get—Ays?)S, (Ayei—gs8)satA, x55C554 glc3—si)s,
+}»V*s5c5sa +[(ky—g)cac9+ky*sa]s5c5
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— 2
si=(cgmZa—mp)mle—ml ) /sgmi(my « —my) .

(3.9b)

The decays of W* and Z* into y, W, and Z proceed
mainly via three-boson couplings, which are calculated
and listed in Table I. The verticess of V,(k)
—Vig(p)+ sz(q) with k =p +q are parametrized
as gl(kyna[)’_kﬂnay)+g2(Py77aB_pa7’By)+g3(qa7],By
—q gMay)- In the present approach, A,=g and

——[g +gAM2A*=3)1/(1—A%**2,  with  A=g/

*(—\/2/3) The absence of Z*—Zy is due to [I?®
I”) or Y]=0 (Ref. 36). Since A, =g, one finds the van-
ishing coupling of W* Wy and the standard coupling of
WW<y as well as the vanishing anomalous magnetic mo-
ment of W, 8k=[(A,/g)—1]s5=0 and of W?*,
8k*=[(A, /g)—1]c5=0. The leading-order contribution
thus disappears for the W*W7y coupling. The next-to-
leading-order contribution should be included.

The additional W* Wy coupling is supplied by

—ig'[a(D,$) YB"'D,$+B(D,$) YB*D,$], (.10

with D, = # —ig(V +e‘V*)~ig’(Y/2)B# and D,=9,
——zg(‘V —€ c\/”")—-tg Y/2)Bu. The parameters are
given by €=A/V1-2 a=2J_ ,/3Jy, and
B=J_,Au2 /2J, for J_,=1/[(4m)2m2] and J_,=1/
[(4m)26(u? +E&,m2)?], where m ——g¢v/l/2 The first
term in Eq. (3.10) is generated by the quantum correc-
tions due to the spinor subquarks w;; g; and the second

one by those due to the scalar subquarks i;; ;. The
anomalous couplings to the photon are then given by
g ww(=8K)=(m}o/2)[alcs+ess)
+B(cs—e€'ss)?], (3.11a)
gyWW*=(meo/2)[a(c5+es5)(s5—eca)
+Blcs—€'sg)ss+ecs)], (3.11b)
gyW*W*(=8K*)=(ml2y0/2)[a(s5 —ecy)?
+B(ss+e€cs)], (3.11¢c)

where g, yy is defined by L, yy=—ieg, xx A*X X,
Roughly speaking, these induced couplings are at least
suppressed by N, (m,o/4mv)’~e® (for N,~100 for

A~1TeV as in the case of g*=V"3/2g) (Ref. 35).

IV. PHENOMENOLOGY OF W* AND Z*

Experiments probing W* and Z* depend on the cou-
plings to quarks and leptons, which are specified by

°Lmt [JH—)cy )y+J]£;)c\/(+)u

+e(Ip VTR gDy
+87IfZl el AF+gel )V On 4.1)

with J{4) =71y, (r'9/2)fL and JZ=J}}) —s3J", where
e=gsinfand g,=g/Vg>+g'. The W,Z, W* and Z*
couplings parametrized by V — Ay for W, V;— A,y for
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Z, V¥*—A*ys for W*, and V*— A*ys for Z* are ex-
pressed by
V=A4=gl(cstes), (4.2a)
V*=A*=g(ecs—sg) , (4.2b)
V=g (I3 —2sin0,”Qer) » (4.2¢)
A, =g I (4.24d)
V=g n*(I'¥—2%in%0%*"Q..) , (4.2¢)
AX =g n*1% 4.2
where n=c,+e€s,cy, “sinzew”=cas29/n, N*=€C,Co—Sg»
and “sin’0%”= —s,s3/7* (>0).

The low-energy limit of .£,,, is described by L& for the
W and W* exchanges and L for the Z and Z*
changes, giving rise to'’

ch_2\/2GF (+)J(—) (4.3a)
=4V 2GRE[ (I —sin?g,, J™)?
+C,,(J™)?] (£=1), (4.3b)
with
V2Gr=pg?/m}, ,
p=C +2eA+€*S
=(cstess)+(my/m ) (ss—ecs),
and
sin?0,, =sin’6(C +6A)/p , (4.4a)
C.,, =sin*0e*(CS — A?) /p? (4.4b)

where the parameters of C, S, and A are defined by

C=c3+simy/m =1+(mjp—m)o)/m’ .,

(4.5a)
S=s§+c§(mw/mw*)2=mfyo/m;,* , (4.5b)
A=c5s5[l—(mw/mW*)2] . (4.5¢)

The restriction from I <1 ensures £=1 in Eq. (4.3b). The
standard mixing angle sinfys ( =sy;g), can be introduced
by sis=e2/(4V2Gpm},) and p is related to s as

p=sin?0/sin’0 s > [1—(my /m;)*]/sin’0 5 , (4.6)
from 4V2Gpmpy(=e?/sks)=pe?/s3. Then, sin*0,, and
C.n, are reduced to

sin’0,, =sin’0,5(C +€A) , (4.7a)

Com=sin*O s (my /m )" . (4.7b)
In our specific model, one can show that A+¢eS=0 by the
use of Eq. (3.6b), leading to p=C +¢€A. Thus, sin%9, is

further reduced to

sin%0,, =sin%0 . (4.8)
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The measured angle sin29expt is precisely sin%@,, (up to
radiative corrections) in low-energy neutrino-induced re-
actions since J®"=0 for the neutrinos. The present
phenomenology  requires my,=80.76+1.72 GeV,
mz=91.59+2.14 GeV, Gp=(1.16638+0.00002) X 10~°
GeV 2 and a ., =e2/47=(137.036) ! as well as

(4.9a)
(4.9b)

$in%0,, =0.2283+0.0048(v,q) (Ref. 3)
C.n <0.01(e "e ™) (Ref. 37) .

The radiative corrections may not much deviate from the
standard ones since the model discussed is essentially the
same as the standard model except for heavy W* and Z*.
The mixing angle 6 turns out to be
sin0( =p sin®0,,5)=(37.281 GeV)’p/mp(1—Ar), where
Ar represents the radiative-correction factor, which will
be set at Ar=0.0713. Since sin’6,( =sin29)=sin296xpt,
the allowed values of sin’0 lie from 0.2187 to 0.2379
within two standard deviations. For later discussions, we
choose sin26=0.22, 0.23, and 0.24 as representative
values. The relation (3.8) now gives

M, (4.10)

since cos@~my, /m5. The constraint on C,,, is satisfied
for m ,« * 1.6my, because of sin*6 g (~sin*0) ~ L and
e=1/V2.
A comment on the suggested value of sin2,
" sin20=3/[2(3+2x)] (x =N,/N,), is in order. It is
reasonable to consider that the value is the one defined at
Q =A and that the effects from the light composite
particles are included in renormalization of g and g’.
For W* and Z*, since the triple couplings to W
and Z in V@G[V*,V*]? and Vi ([VH, V]
—[V7, Y*#1)@ are all equal to g (i.e., A =g), the contri-

107g T I I 3
— ]
C y
108E— ///,45
- ,/" e
F Pl ]
" s §
. 105 P 7 —
> = P 3
I N L ]
< Jo P /,/,/ _
104 P e E
a3 //,Z"-' =
L P ]
103 — //'// ———- s=0.22
ol —— s}=0.23 g
O s§=0.24
102 | | | |
0.25 0.30 0.35 0.40 0.45 0.50
sinZBCA)

FIG. 1. The scale A vs sin®6(A) for sin?§=0.22, 0.23, and
0.24.
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butions from W* and Z* are the same as those from W
and Z (except for their mass differences). Including the
excited weak gauge bosons W* and Z* as well as the
Higgs scalar H and assuming mW*,Z*ZGF_I/Z and
my=my, we find that s5=0.22-0.24 at Q=my is
recovered by sj(A)=3 (x =1) with A~(1-2) TeV and
by sé(A)Z:} (x =3) with A~0.5 TeV, which can be read
off from Fig. 1.

Now, let us proceed to give qualitative discussions.
Free parameters of the model are (¢) and m ., which
can be transferred to sin’ and m Z* (or m,«) with
g*=1/§—/_2g. The my and my as functions of m,« are
plotted in Figs. 2(a) and 2(b) for sin’90=0.22-0.24 togeth-
er with the experimental bounds. The lower bounds on
m,« are illustrated in Fig. 2(c), from which we find that,

for sin’6=(0.22,0.23,0.24),
myx %= (220,297, —) GeV (within 1o of my),

(4.11a)

>(223,263,365) GeV (within 1o of m,) ,
(4.11b)

>(187,216,286) GeV (within 20 of my,) ,
(4.11¢)

>(189,204,228) GeV (within 20 of my) .
(4.11d)

The my,-m relation is also shown in Fig. 2(d).

For these sets of s, and m,x«, the deviations of the W
and Z couplings from the standard ones are found to be
not yet so significant thanks to the SU(2)° X U(1)}° sym-
metry. In fact, these couplings are explicitly calculated
to be

426G my[1—p {1+ my /m )12

V=4 [1=(my /m )] ’
(4.12a)
4V2Gpm3[1—p N(1+ech)my/m, )]
8zM= [1_(mz/mz*)2]1/z ’
(4.12b)
L sWSs(,o[l—-(mz/mW*)z]l/2
“sin%0, "= (4.12¢)

[l—p_l(l+62c§,)(mz/mW*)2]‘/2 ’

when mym .« /mzm «=cgq of Eq. (3.8) and 5, 5 of Egs.
(3.9a) and (3.9b) have been used. The gauge couplings of
g and g are related to g, and gz of the standard model:
g=go/Vp and gz=gzcws/Vpcy. Numerically,
V/8020.94, g,1/870%0.93, and 0.25% “sin’6,,” 2 0.22
(for m,+ 2200 GeV).

The possible deviations of the Z coupling from the
standard one can be reflected in T'(Z—e*e™) and
T'(Z —all) as shown in Figs. 3(a) and 3(b) (Ref. 38), which
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are to be measured at the SLAC Linear Collider (SLC)
and CERN LEP. Also displayed is I'( W —all) as Fig.
3(c). The W* and Z* couplings are estimated to be
for W*, V*=A4*~(0.9-0.7)g, and for Z*, g m*
~(0.8-0.6)gz, and “sin’0%” <0.05. The branching ra-
tios for the W* and Z* decays are calculated to be

B(W*—ev,)~0.08 ,
B(Z*—ete )~0.04,

(4.13a)
(4.13b)
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B(W*—jj)~0.73 ,
B(Z*—jj)~0.63,
B(W*—>WZ)~0.03 ,
B(Z*>WW)=7X1073,
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(4.13c¢)
(4.13d)
(4.13e)
(4.13f)

and

and B(W*—yW)sS1073. The total widths of W*
Z* satisfy
AT l T T T
96 = 20 —
95 —

Mass of Z (GeV)

mgz (GeV)

| | | L

1

300 350 400
Mass of Z* (GeV>

450

500

78 7

my (GeV>

FIG. 2. (a) The mass of W vs the mass of Z* for sin’6=0.22, 0.23, and 0.24. The observed values of m, are plotted as 1o (20') for
one (two) standard deviation(s); (b) the same as in (a) but for Z; (c) lower bounds on m 2+ set by the observed values of my (solid
curves) and m (dotted-dashed curves) within 1o and 20; (d) the my,-m relation for sin?6=0.22, 0.23, and 0.24 with the experimen-
tal limits indicated by dotted-dashed lines (10) and dotted lines (20'). The thicker line represents the values for a,8—0: namely, for

the standard model.
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D(W* sall) ~T(Z*—all) A, Asymmetriesofe+e_—+p+p‘

The pair production of u in e "e ™ proceeds via y, Z,

and Z* exchanges. The differential cross sections is
4.14) given by, for y (i =0), Z (i =1),and Z* (i =2),

\g(g*zmw*/Zgsz)F( W,Z —all) .

dolete " »p p7) 1 2
= zo 4;;[B;;(1+cos’6,,)

d cosd,, 2ms 2
In‘the fol}row_mg, we focus our attention to the asym- +2Cjcos6,,],
metries of e "Te ~ —pu "~ and the productions of W* and
Z* at CERN and Fermilab pp colliders. (4.15)
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FIG.3. (@ I(Z—eTe ) vs m, for sin’6=0.22, 0.23, and 0.24. The hatched area represents the standard-model predictions for
my =cysmz=280.7611.72; (b) the same as in (a) but for I'(Z — all); (c) the same as in (a) but for ['( W —all).
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where
Aij=521XiX;l , (4.16a)
B, =(vfvf+afa))(vfvl+alal), (4.16b)
Cij=(Ul.eaje+aiev;’)(vll‘a;‘+alf‘ujy’) , (4.16c¢)

with  x,=(s —M2+iM,T;)"!  for (My,M,,M,)

=(0,mz,m ), (v§*,ag")=(—e,0), (vp#,ath)
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=(V,/2,4,/2), and (v§*,a5*)=(V} /2, AF /2). In the
limit of a,6—0, ¥V, and A4, coincide with those of the
standard model, ie., V,=—gz(l—4s}s)/2 and
A,=—gz0/2. The asymmetries are then calculated as
the forward-backward asymmetry A4zp and the left-right
asymmetry A;p:

App= Uzzo‘da—fzi’lda ]/a : (4.17a)

z= z
ALR:(OL—O.R )/U ) (4.17b)
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FIG. 4. The forward-backward asymmetry Apz at Vs (=E) equal (a) 60 GeV, (b) mz, (c) 100 GeV, and (d) 200 GeV for
sin?0=0.22, 0.23, and 0.24. The hatched area represents the standard-model predictions for m, =cysm; =80.76+1.72.
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where z =cos0,,; 01 () is the total cross section for left-
(right-)handed initially polarized e~ beams obtained by
the replacement of vf—(vf+kaf)/2 and af—(af
+xvf)/2 with k=1 for o; and k=—1 for oy.

Plotted in Figs. 4(a)-4(d) and Figs. 5(a)-5(d) are the
asymmetries of Apz and 4, at V's =60 GeV, m, 100
GeV, and 200 GeV. The standard-model predictions are
also plotted for my =cysm, with my,=80.76+1.72.
The following features can be found.

(1) At Vs =60 GeV to be reached at KEK TRISTAN,
it is predicted that Apz=—0.39-—0.36 and
Apg=—0.02-0 depending on m,« compared with the

standard-model predictions A471°=—0.37-—0.36 and
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AFFP=—0.02-—0.01, depending on m . For s3~0.24,
Apg=—0.39-—0.38 (A, =—0.006-0), which are
smaller (larger) than the standard ones.

(2) At Vs =mg, we find that Apz=0-0.034 and
A;g=—0.12-021 while A45f°=0.005-0.04 and
A7EP=0.08-0.23. If the asymmetries (especially, A;p)
are found to be <O, it gives a strong support for the ex-
istence of Z* [with m,+ 5300 GeV, which can be read
off from Fig. 5(b)]. However, the standard-model predic-
tions are almost covered by our predictions for the small-
er values of s3 (near s3=0.22). For s near 0.24, the devi-
ations are significant and possible to be detected (also at
Vs =100 GeV).
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FIG. 5. The same as in Fig. 4 but for the left-right asymmetry A;z.
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(3) The deviations are enhanced at larger values of V's.
At Vs =200 GeV, to be reached by LEP II, our predic-
tions yield Agp ~0.2-0.7 and A;g ~—0.25-1 while the
standard ones are very restricted, i.e., 4550 =0.55-0.57
and 45F°=0.02-0.07.

B. Production of W* and Z*

The production of W* and Z* at pp colliders depends
on u (#) and d (d) quarks inside p (5). The quark-
structure functions F,(x), with the subscript a denoting
the quark species, are taken to be the ones parametrized
by  Eichten-Hinchliffe-Lane-Quigg®® (EHLQ) for
Aqcp=0.2 GeV. The cross sections for
pp—V +spectators (V=W, Z, W*, and Z*) are calcu-
lated in terms of parton-parton scattering amplitudes and
given by

o(V)=

1 dLab
4 , (4.18)

16w Ny [(V—ab)
SN[ my ;b —a

where (N;,N;;)=(36,3) count the degrees of freedom of
the initial partons (N;) and the bosons V, (N); dL,, /d
is the parton-luminosity function defined by

T I I | [
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dL,
Glap _ f‘ dx 4.19)

7 T F(x)Fy(x /7|

Presented in Figs. 6(a) and 6(b) are the cross sections
o(W**) and 0(Z*), at V's =630 GeV (CERN) and 1800
GeV (Fermilab), whose values are listed in Table II for
sin26=0.23 and my, « Z,(=250,350,450 GeV (Ref. 40).

The decays of W* and Z* are described by L;_, [Eq.
(3.2)] and .£;,, [Eq. 4.1)]: W*—lv, 2 jets, WZ and Wy
and Z* 171", 2 jets, WW. The absence of Z* —>Zy
was due to [I®,I1¥]=[1®¥,Y]=0. The coupling for
W* Wy arises as next-to-leading-order effects, which
are further suppressed by ~ (my,,/v)? (~e?) as shown in
Eq. (3.11b). In fact, B(W* — Wy ) was calculated to be
<1073, The branching ratios computed are also includ-
ed in Figs. 6(a) and 6(b) (Ref. 41). The CERN SPS results
indicate!® o(W*5)B(W* >ev,)<4.6 pb and
o(Z*)B(Z*—e e )<4.7 pb, which are satisfied by
m g« = (204,203,201) GeV and m_« = (177,176,173) GeV
for 55=1(0.22,0.23,0.24). Since my, roughly
speaking, we get My % 5% R 200 GeV.
The expected numbers depend on the luminosity,
which has reached 1.6 pb~! at CERN SPS and will reach
10 pb~! at CERN SPS ACOL and 5 pb~! at Fermilab
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FIG. 6. (a) The cross sections for pp— W** 2 jets, viT, W*Z, and Wy for sin?6=0.23 vs m, « at V5 =630 and 1800 GeV
(thicker curves); (b) the same as in (a) but for pp—Z*—2jets, I T1~,and WW vs m, .
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TABLE II. The production cross sections (pb), o( W*¥,Z*) for m, « ,+=250,350,450 GeV at
Vs =630 and 1800 GeV. The angle s is set to be 0.23. The listed values vary within +10% (for W*)
and +30% (for Z*) for 0.22 <53 <0.24
Vs 630 GeV 1800 GeV
Mo % 250 GeV 350 GeV 450 GeV 250 GeV 350 GeV 450 GeV
o(W™) 11 0.2 0.002 330 72 19
a(Z*) 11 0.3 0.003 224 53 16
Tevatron. The calculated numbers of events (for at Q=m, is recovered by sj(A)=3 (x=1) with
m .« ,«=250 GeV and sin’6=0.23) are given as follows: A ~(1-2) TeV and by s3(A)=1 (x =3) with A~0.5 TeV.

at CERN SPS/CERN SPS ACOL/Fermilab Tevatron,

pD SW*E Lty 1.4/9/131
—2 jets 8/53/815
—>WZ  —4 jets 0.2/1.5/23
—I1*v+2 jets  0.02/0.1/2.4
—It17+2 jets 0.01/0.1/1
—Wy —y+2 jets —/0.03/0.4
—Z* It 0.6/4/43
—2 jets 10/67/710
—S>WW  —4 jets 0.04/0.4/2.5
—I*v+2 jets  0.01/0.1/0.8

The signals of W* —Ivand Z*—I11]~
both at CERN and at Fermilab.

will be detectable

V. SUMMARY AND DISCUSSIONS

The excited weak gauge bosons W* and Z* are as-
sumed to be supplied by the composites of the left-
handed spmor subquarks carrying the weak charge
V*“” wy Yo 7w, , which are generated by four-Fermi
mteractions. We have, then, shown that such W* and
Z* can be transmuted from the gauge bosons 9'¢ of the
“color”-SU(2)%° symmetry. The “flavor”-SU(2)\*
XU1)%° model with W* and Z* turns out to be
equivalent to the SU(2)°° X U(1)\¢° X SU(2)!8° model with
¢4 From complementarity, one observes that
SUQ)° X SU(2)¥° is reduced to SU(2)\° with W* and Z*
in the confining phase of SU(2)%° or broken to the diago-
nal subgroup SU(2)'° with massive gauge bosons of
SU(2)¥° in the Higgs phase. Once the gauge couplings
and physical fields are properly defined, the Lagrangians
in the both phases are identical to each other and thus
provide a concrete example of complementarity. The
natural consequences of W* and Z* as gauge particles
include (1) the light W* and Z* as far as the couplings
are sufficiently small and (2) the universality of the W*
and Z* couplings.

If the weak gauge bosons of SU(2)¥° [XU(1)¥°] are
also composites of subquarks, they should contain scalar
subquarks @, . The isotri Qlet gauge bosons V'@ are as-
sumed to be V ~Iil 6 w, +w,_7/#7' 'w;. Under
w; — U, and wL—->UwL, they transform as
V,—UV,U"'=iU3,U"". The compositeness of W and
Z' leads to g*—\/3/2g and sin0=3x /[2(3+2x)] for
x =N_./N,. It is then demonstrated that s3=0.22-0.24

One can observe in the long run that it is not necessary
to stick to the compositeness of W* and Z*. The point is
to start with the gauge model of SUQR)Y®
XU(1)9°XSUR) realized in the Higgs phase of
R]8[0 )l"c. Then, the presence of our W* and Z* (which
lie in the confining phase) is guaranteed by the com-
plementarity principle. It should be noted that the extra
W boson is now possible to exist in the models of (1)
SUQ)PeX U ; XSUQR) for Wy with the V+ 4
(dominant) coupling and (2) SUQ)P X U)X SUQ)E
for W* with the V— A coupling. As long as the
leading-order contributions are concerned, our results
follow if g*=V'3/2g, which corresponds to a certain
unification condition such as gz =g; in (1), is maintained.

The vector bosons satisfy the mass relation of
m_x=Myz=Comym leading to m«~m_ 4« since

z w*
cg~my /mz. The lower limits on m .« ,« set by the

UA1 and UA2 results dictate m, .« gm’z* 2200 GeV.

Other bounds derived from the observed values of my,

and m are given as Myx xR % (187,216,286) GeV (within

2071 T 77T

from my

———— from my

Lower bound on the mass of Z* (TeV)

1.6 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 8.0
g*/g

FIG. 7. The lower bounds on m, Vs g*/g at sin’6=0.23

given by the observed values of my, (solid curves) and m, (dot-
dash curves) within 1o and 20.
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20 of my,) and My % >(189,204,228) GeV (within 20
of my) for s5=1(0.22,0.23,0.24). [See Figs. 2(a) and
2(b).] All the analyses made so far are based on
g*=V'3/2g. What happens if g* departs from V'3/2g
and gets larger? To see this, we plot, in Fig. 7, lower
bounds on m_« vs g*/g at sin?0=0.23 that come from
the experimental values of my, ; within one (or two) stan-
dard deviation(s). For mz*( =M« )<1 TeV, it is found
that g*/g <2.8 (3.8) within one (two) standard
deviation(s) of my, ;. To be phenomenologically con-
sistent, the larger g* calls for heavier W* and Z*, which
are expected by the relation My ,x~8 *Acomp:

The deviations of the asymmetries of e e " —puTu™
from the standard-model predictions (for m,=cysmy,
with m,,=80.76+1.72) get maximized at s3=0.24. If
52=0.24, we find that, for SLC and LEP, 4z =0-0.01
(0.005-0.042 for the standard _ model) and
A;p=—0.12-0.06 (0.082-0.23) at V's =m, and, at
Vis=100 GeV, Ap=0.65-0.75 (0.48-0.61) and
A;pr =—0.16-0.05 (0.08-0.25). The production cross
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sections for W* and Z* with m .« ,+=250 GeV at

CERN-SPS-ACOL (Fermilab Tevatron) are given by, for
$3=0.23, o(W**)=11 pb (330 pb) and o(Z*)=11 pb
(224 pb) that corresponds to 120 (1650) as the number of
W** and to 110 (1120) of Z*. The recent W +2 jets
events observed by UA1 (Ref. 42) and UA2 (Ref. 43) may
have come from* W*—WZ with Z—2 jets and/or
Z* > WW with W—2 jets (which are not the dominant
decay modes for our W* and Z*). Future accumulated
data on pp and e Te ~ experiments may disclose various
signals of the existence of W* and Z*.
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