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Extra weak bosons in a confining gauge theory with complementarity
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In composite models of weak bosons based on a confining gauge theory, extra weak bosons intro-

duced as composites of scalar constituents are shown to exhibit kinetic mixing interactions describ-

ing the vector-meson dominance of the photon and to disguise themselves as massive elementary

gauge particles in accord with the notion of complementarity. Detailed discussions are presented

for a U(1),'" model with a confined SU(2)L" X 0'" gauge symmetry, where 9""=S'M(2)L'X/8'(2)~",
which is responsible for compositeness of quarks and leptons as well. This phenomenon is also

shown to arise in QCD with three flavors, utilizing the diquark degrees of freedom, where the octet
baryons and vector mesons are viewed as massive quarks and gluons, respectively.

I. INTRODUCTION

The current interest in physics of electroweak interac-
tions lies in whether new phenomena due to supersym-
metry and/or compositeness of quarks and leptons' arise
above, say, the Fermi mass GF ', of -300 GeV, which
is within reach of the high-energy colliders such as
CERN LEP II, the CERN Linear Collider, (CLIC), the
Japan Linear Collider (JLC), and so on. If quarks and
leptons as well as weak bosons are composites generated
by a confining force based on a non-Abelian gauge
theory, one can argue their compositeness on the basis of
the notion of complementarity. It was first recognized
in lattice gauge theories with scalars in the fundamental
representation and inferred from the observation of the
physical equivalence between the Higgs (or broken) and
confining (or unbroken) phase. The two phases have no
sharp phase boundary and belong to the same phase. As
a result, the particle spectra in both phases map into each
other as long as the energy scale involved does not exceed
the vacuum expectation value (VEV) or the confinement
scale. If this physical equivalence between the Higgs and
confining phases is still valid in our world, we expect the
"duality" of compositeness and "elementariness" of com-
posite particles since in the Higgs phase elementary fields
are only involved while in the confining phase composite
fields are created. These composites can disguise them-
selves as elementary particles defined in the Higgs phase
below the energies where composites in the confining
phase behave as "elementary" particles. We further ex-

pect that the composites, which satisfy the "duality, "
remain as important low-energy degrees of freedom.

Complementarity was applied to weak bosons in the
Glashow-Weinberg-Salam (GWS} model based on the
spontaneously broken SU(2}L"X U(1)'r' symmetry. The
model in fact contains the scalar in the fundamental rep-
resentation, i.e., the Higgs scalar P, and leads to the (al-

most) equivalent one based on the U(1)' symmetry with

the confined "color" SU(2)L' symmetry, which dynami-

cally realizes the kinetic y-Z mixing scheme such as in

the Bjorken-Hung-Sakurai (BHS) model. The weak bo-

sons W+— and Z are made as W„+—-Tr(i' +—'w LD„wL)
and Z„-Tr(w' 'w LD„wL ), where w~L is a scalar carrying
the weak charge and is represented by the Higgs scalar P
as wL =(P,P). This particular compositeness provides
the transmutation of the gauge bosons into the composite
vector mesons. At the same time, L-handed quarks (q;L
for 3 =1,2, 3, and i =1,2) and leptons (l,L ) are regarded
as composites described by q;L

=w L;c,L and

1L =I L;c,t, where c L (a =1,2;a=0, 1,2, 3) are the
SU(2)L'-doublet spinors carrying the Pati-Salam four
colors.

Along this line of the compositeness, we study proper-
ties of composite extra weak bosons generally introduced
in models through their kinetic mixings of y and demon-
strate the validity of the physical equivalence of the
Higgs and confining phases postulated in complementari-
ty. The transmutation of gauge bosons into composite
vector mesons is expected to occur at the extra 8'and Z
sector if they are regarded as composites of scalar constit-
uents. The extended gauge group will be
SU(2)L'XU(1),'"X0'" with 9'"=4'M(2)L XSQ(2}tt for
extra W and Z bosons, which is realized in the confining
phase of a "color" SU(2)L'XQ'" gauge theory The k.i-

netic mixing interactions are indeed involved in the
confining phase provided that dynamics allows scalar
constitutes to condense in a gauge-invariant way. Their
strengths are controlled by the matter couplings of com-
posite vector mesons. The physical vector mesons with
diagonalized kinetic terms are translated into the massive
elementary gauge bosons in the Higgs phase. The exact
"flavor" symmetry in the both phases turns out to be
U(1),'" that comes from the linear combination of the di-
agonal charges of each broken group or from
SU(2)L'XQ' ' being confined. If the "color" gauge bo-
sons themselves are further composite, complementarity
can include the notion of a "hidden" symmetry. '

It is further instructive to note that QCD with three
flavors, u, d, and s, can be viewed as the confining theory
that exhibits the equivalent Higgs phase. " We first dis-
cuss in Sec. II how complementarity is implemented in
QCD. The flavor octet baryons such as p, n, and A and
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vector mesons such as p and E' in the confining phase
are regarded as the massive color-octet gluons and octet
constituent quarks giving three colors and three flavors in
the Higgs phase. Section III deals with a model of extra
weak bosons based on the "color" $%(2)L"XeVQ(2)z'
symmetry, which includes the previously discussed case
of SU(2)L" XSVl(2)L' as its limiting case. ' The final sec-
tion is devoted to summary and discussions.

II. LESSON FROM QCD

Let us outline the discussion of Ref. 11, which is ex-
tended to include the Nambu-Goldstone modes for pseu-
doscalars such as ~. The flavor group is taken to be
SU(3)f for u, d, and s. As is well known, at low energies,

QCD exhibits confinement and generates the chiral-
symmetry breaking of SU(3)L XSU(3)ii to SU(3)f. Com-

plementarity in QCD will state that low-lying baryons
and vector mesons, which form octets of SU(3)f, can be
viewed as either massive quarks and gluons in the Higgs
phase or color-singlet composites in the confining phase.
This phenomenon is simply understood that
SU(3)' X SU(3)f goes to the fiavor-SU(3) symmetry in

both phases, where SU(3)' and SU(3)f are mixed into
the diagonal subgroup SU(3)g+f in the Higgs phase or re-

duced to SU(3)f with the confined SU(3}' in the
confining phase. Let us go into detail.

Complementarity is only possible if the scalar degrees
of freedom are available. In QCD with the U(1),"' sym-

I

metry, we assume two scalars, gl", ( A, i =1,2, 3):
(3, 1,Q~;3') and (z, . (1,3, Q~;3*}, which will be
represented by diquarks, where the numbers in the
parentheses denote the transformation properties of
(Su(3)L, SU(3)z, U(1)', SU(3),"'}. The scalars describe
chiral-symmetry breaking, which is readily realized by
gv=fn (or (vgv=(i, gi, =f„),where gv is introduced
as

(2. 1)

Hereafter, we use the scaled gz z by ft&, i.e., gv=I and

gt, g v=g~( i=I. The remaining component g plays the
role of Nambu-Goldstone modes though nonlinear reali-
zation: g;

—exp(ill/f„);, where II represents 8 pseudos-
calars. Furthermore, one may regard gv, as scalar di-

quarks, (~, =e" e,,„q)qc/f „," leading to Q~
=( ——'„—,', —', ) since Q~ =(—'„——,', —

—,') for (u, d, s). There-

fore, the charge of gz „ is carried by gi and g is taken
neutral. Our starting Lagrangian except for quark mass
terms is given by

X = —
—,
' Tr6„„G"'——,'8„,,8""+f(t D„g'I (

+ If u D„gq (

+qy'(id„+g, G„+g'Q~ B„)q,
where 6„„=6„'",'T'"'= B„G„—B„G„ig,[G—„,G„]
(n=1 —8) is the gluon field strength and B„,=B„B,
—8+„is the primary photon field strength.

Phenornenologically, it is plausible to replace the scalar
kinetic terms by the terms'

2

Tr(r I [(iB„+g,G„g~L —4g Q A„]EL+[(ir)„+g G„gR (Rg'Q, A'„]kR lsea ar 4

+ I [(la„+g,G„)g', —g', g'Q, A „]g —[(i8„+g,G„)g —g„g'Q, A „]g„I ) (2.3)

with r =2, where Tr acts on the color indices. This modification has been lately suggested on the basis of the nonlinear
o model with a hidden local symmetry, where gauge bosons are regarded as composites but without the baryons as qqq.
Although it was examined in the Higgs (or broken) phase, the confining (or unbroken) phase is also possible.

Now, the Lagrangian (2.2) is examined both in the Higgs phase and in the confining phase. In the Higgs phase,
SU(3)' is broken completely as far as diquarks are condensed to develop (gv; ) =5,". As a result, low-energy particles
consist of (1) massive gluons as 8 vector mesons, 6/, and (2) L- (or R-) handed (constituent) quarks as 8 baryons, g,"qk

(g;"qkj ) with meson clouds II in g. The resulting Lagrangian takes the form of

(2.4)

,= —
—,'Tr(G„„G"'}—,'8„8"'+ [r—Tr(2g,G„2g'Q~ 8„+id„—( (+i 8„(g ) +Tr(ic}„( g iB„(g ) ]-

+qLy"(iB„+(g,G„( +(id„g +g'Q, B„)qi +quay"(iB„+j g, G„(+g id„(+g'Q, B„)qz .

In this phase, the mass mixing of the octet G„with the
photon B„arises. The physical photon A„ is provided
by the gauge field orthogonal to g, G„—g'Q~ B„appear-
ing in the mass term:

1/2
PIA„= g,B„—g' p„+

3

(2.5a)

where p„(p„) is the 3rd (8th) component of the octet and
the electric charge is

e2
1 4

3&c
(2.5b)

As a result, quarks possess Q, = —(r', '/2+ Y, /6)
+Q',g for r', '=(1, —1,0) and Y, =(1,1, —2) for
A =(1,2, 3) of q~. More explicitly, their charges coin-
cide with those of the 8 baryons (p, n, X,A, :- ):

q,.'(i =1,2, 3)=X and/or A; q, =X+; qz=&; q& =p;
q2=n, q3=-, and q3=- .

In the confining phase, low-energy particles are as-
sumed to be all color singlets. To examine this phase, we
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impose the conditions on (I ~~I =g v(g gv): g 4iq~L N, R g 4i q~g
A A

(2.7)

((g )A(gt )j ) —gj

gk( g& )j —y

(2.6)

where the last condition is usually satisfied by
/=exp(i II /f u ) for the nonlinear realization. These con-
ditions preserve SU(3)' . Our low-lying composite parti-
cles consist of (1) 8 baryons NjL „and (2) 8 vector mesons

Vj (as well as 8 pseudoscalars):

A, B

where 3„ is the scaled field of B„: e 3„=g'B„. For
g v

-qq, the composite baryons are in fact regarded as
exp(+ i 11 )qqq and the composite vector bosons are as
qqqq. Since g, G„,. =(vu„,gv with U„=fV +eg~ A

it is not difficult to reach the Lagrangian, X„„„from Eq.
(2.2) with Eq. (2.3):

Tr(U„„U"") —, A„„A "'+ [r Tr(2f V„+iB„( g+iB„( g )+Tr(iB„( g
—iB„g g ) ]

+Nl y"[ir)„+g(fV„+eg~ )g +fir)„g +eg~ A„]NL

+N~y"[ir)„+g (fV„+eQ, )g+(i8„$+eg, A„]N„, (2.8)

up to the scalar excitations in (vgv, where U, =B UP~' P—B„U„i[v„—, U, ] Th.e composite baryons exhibit
(Q~ )j=g, ' +Q~, which coincides with Q'," in the

Higgs phase owing to Q, ' =( —
—', , —,', —,'). The coupling

constants also satisfy the relation (2.5b) and f=g, for the
canonical kinetic terms of V and AP p'

It turns out that the same baryon assignment as that in
the Higgs phase is still correct in the confining phase with
the replacement of q,~~N~. The bridge connecting the
Higgs and confining phase is to choose g v ( -qq ) =I that
yields the baryons (massive constituent quarks) and vec-
tor mesons (massive gluons) in the Higgs phase from the
expressions of (2.7). The apparent difference between the
confining and Higgs phases lies in the vector-meson sec-
tor. In the confining phase, the kinetic mixing of the 8
meson with the photon is generated

( A, ypp„„+ A, yp.p~, ) A (2.9)

where 1, =&3k .=e /f. The physical photon A „ in
this case is A p

= A po+ Ay/p3+ Ayp ppg On the other hand,
in the Higgs phase

A„=[g,8„—g'(p„'+p„/&3)]/'1/g, +(4g' /3)

remains massless. Although the expression of the photon
differs, it can be demonstrated that LH;zz, and L„„fare
equivalent to each other. It is evident that for the
charged-vector-meson sector, both Lagrangians coincide
with each other by setting G„'"'= V„'"' for n%3, 8 since
the charged vector mesons are not mixed. The mixing is
induced in the neutral boson sector. The expressions of
cEH gg f in terms of physical fields after the mass, or ki-

netic, mixing is resolved give the direct proof as shown
below.

In the Higgs phase, one can define the massive neutral
gauge fields

p„=cap„'+se(c&B„—s&p„'),

pp
—syBp +cyp

(2.10a)

(2.10b)

together with A„=ca(c&8„—s&p„)—sap„. The mixing

angles, s&
=—sin0, etc. , are given by

sg=g
1/2

4 ~2

c 3
(2.1 la)

sy =g / 1/ 3g~ +g (2.11b)

satisfying g, s& = v'3g, s&ce =g'c&c& =e. On the other
hand, in the con/ning phase, the fields with the diagonal-
ized kinetic terms are defined to be

0 ~ g 2 3 ~~ ~V 8

1 —
A,

(2.12a)

i2 .
zp

~P
1 g2

XP

1/2

(2.12b)

together with A „=A „+A, ~„+k p„. It is sufficient

for the equivalence to demonstrate that the mass terms
for vector mesons and the interaction terms for fermions
coincide with each other. The massive fields in the mass
terms of Eqs. (2.4) and (2.8) can be rewritten in terms of
the physical fields, p and p', as
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g, G„—g'Q» 8„~„=(g,p„'+g'8„) +(&3g,p„'+g'8„)
P

0 (3)
Pp ~e Pp=c
c~ 2 v'3c~

(3) 8

PP Z+~g 2

t~ +
2 2

(2.13a)

0 (3)
pp rc + pp ~3 yp yp' rc + c

1 g 2 ~3+1 [A /(1 A )) 1 g~ —2 2
(2.13b)

where ~„denotes the neutral components. By noticing
the relations such as f=g„X =&3k, =e/f =ss, and

Zap /'1/ I k&p=s—&, one finds that g, G„g'Q» —8„
=fV„as expected in Eq. (2.7) with g,, =I and

g 'B =e3, thus giving the same masses for vector
mesons. Similarly, g, G„=fV„+eQ, 3 „holds in the
fermion sector giving the same interactions. Collecting
these results, one finally understands the physical
equivalence between XH;, and X„„&that ensures the
"duality" between compositeness and "elementariness. "

The composite 8 baryons and vector mesons are de-
scribed by N/=g' gi;qj and ((i,iD„(v)~. Thanks to
complementarity the identification of N and AD„,(, re-

spectively, with the massive 8 quarks q and 8 gluons G„
does not develop any dynamical difference. The essence
deduced from our lesson can be summarized as follows:

(1) Confining gauge theory with the scalar P provides,
in the confining phase of (it $)WO (driven from the
confining force), the same physics as the one in the Higgs
phase of (i)))%0 (driven from the appropriate Higgs po-
tential), which only contains the apparent difference such
as the kinetic mixing for composite vector mesons in the
confining phase and the well-known orthogonal mixing
for massive gauge bosons in the Higgs phase.

(2) The composites corresponding to the particles in-
volved in the Higgs phase (except for scalars associated
with VEV's) satisfy the "duality" of compositeness and
"elementariness' and may remain as important low-

energy degrees of freedom.
(3) The exact "duality" at the Lagrangian level can be

achieved by adjusting couplings of composite vector
mesons so as to mimic those of massive gauge theory.

Of course, going to higher energies obtains the right
answer, the confining phase of QCD. These features can
be readily translated into those of electroweak theory
based on SU(2)1"X U(1),'"', which is discussed in the next
section with the emphasis on the inclusion of extra Wand
Z bosons as composites.

III. EXTRA WAND Z BOSONS

The QCD case is now extended to electroweak dynam-
ics. The simplest extension is to prepare a "flavor"-
SU(2)1"X U( 1 )~P symmetry instead of the flavor-

SU(3)I XSU(3)ii symmetry and a new "color"-SU(2)~P
symmetry instead of the color-SU(3),'" symmetry. Then,

fpp= w L [(i Bp+gyGyp )wi wLgGp ]

(3)

fp„=w „('i}„+gG „)w —w„g' 8„
2

(3.1a)

(3.1b)

where G„, B„, and Gv„, respectively, denote the gauge
bosons of SU(2)L', U(1)i", and SU(2)'v'. The dynamical

assumption is to form scalar condensations as

( w LiiiiwLi„i) = (wi i„iw I i', ) =I. Complementarity is

easily seen by taking wL(z) =I, which yields

fp„=gi,S„gG„ from —Eq. (3.1a) and fp„=gv Q„
—g'(v' '/2)B„ from Eq. (3.1b). Since gG„
Xg'(r '/2)8„, these equalities contradict each other.

The consistent result can be obtained by introducing
either (1) two kinds of p for L and R-handed s-tates or (2)
one kind of p for L-handed states but with R-handed
states being elementary ("color" singlet) or vice versa. In
case (1), the "color" gauge group should be
SU(2)'v XSU(2)'~' for the vector and axial-vector cou-

plings to fermions, where p- and 3, -like mesons are gen-
erated as extra W and Z bosons, while in case (2)

4''il(2)Limni,

is the "color" gauge group that provides p-like
mesons with the L (R) coupling. It should be noted that
if the extra vector mesons with the R- (or L-) handed cou-
plings to quarks and leptons get very heavy, case (1)
reduces to case (2) of 4'M(2)L Iz, . It is thus sufficient to
consider case (1) only.

The gauge group for extra W and Z bosons is
SU(2)'~ XSU(2)'4" or, equivalently, SVl(2)L'XSVl(2)z'.
For the compositeness of Wand Z, the SU(2)L' symmetry
is also considered as a confining "color" gauge group.
The whole gauge group is thus SU(2)r" X U(1),'"'

we expect extra W and Z bosons analogous to p"—and p
to appear. " Fundamental fermions are SU(2)'v" doublets
and will be denoted by c,.(a'=1, 2): (1, Y;2) for
(SU(2)iLO U(1) r'"'' SU(2) v ) with Y ( =8 L ) =-
a = 1,2, 3; = —1 for a =0. The required scalars for com-
plementarity of SU(2) v" are wr and wz (corresponding to

(I „ in the QCD case), w I, (a =1,2): (2,0;2) and w ~,
(i =1,2): (1, —r' ', 2), which carry the weak charge. The
"color"-singlet quarks and leptons are described by

A ~ —a' A A ~ —a' A I ~ —a' 0
~aL ~a W LaCa'L ~ ~iR ~a W RiCa R, caL Ma'W La Ca'L ~

and l,„=g„w'„;c,~. To generate the consistent cou-
plings of W and Z (as well as y), composite extra W and
Z ( —=p) bosons should exhibit the substructure
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X,()'+(2)"'X,()'Vr(2)R', in which all non-Abelian groups

are confined at low energies. Since there are two

SU(2}L's, the particle assignment has the freedom of
choosing which SU(2)L" "color" is carried by cL and wL.

We discuss two cases of (Sec. III A) ()'Vl(2)L' doublet cL

and wL and (Sec. III B) SU(2)L' doublet cL and SQ(2)L'
doublet SL. Other cases are simply given by exchanging

two "colors, " SU(2)L' and 4'M(2}L'.

A. 4'S'(2)~' doublet c& and wz

Both cL and wL are assumed to carry the new SS(2)L'
"color". The fields contained are as follows.

(1) "Color"-SVl(2)L „-doublet fermions with the
"flavor" suffix a (=0, 1,2, 3) for the three colors
(a=1,2, 3) and B Lnum—ber (a=0):

1 1
2 Tr(u, „,, u", ') —

2
Tr(u, „u2")

2g 2gL

1 e
2

Tr(v v"') — A3@v 3 „z2 P~
~gR 4g

„,= A Tr(fV„) +AL Tr( fL L„)2

+ARTr(fRR„}',

&.=pLy&(ia„+fV„+eQ,.~0)qL

+QRy"(id„+f„R„+eQ, A„')qR,

up to the scalar and fermion mass terms, where

,„=fV„+f L„+ (
' '/2)A„,

u2„=fV„+e(r( '/2) A „,

(3.6a)

(3.6b)

(3.6c)

(3.7a)

(3.7b)
c L:(1,Y;2, 1),
c „:(1Y;1,2),

(3.2a)

(3.2b}

w L,'( I, r' '; 2, 1),
w R;:(1,r' ', l, 2),
P:(2,0;2, 1),

(3.2c)

(3.2d)

(3.2e)

for ( SU(2)L", U(1),'"; SVE(2 }'L", SQ(2)'R" ), where
m ( =1,2) denotes the 1'M(2)L'R -"color" and Y'

(=B L)= ——1 for c; =
—,
' for c" (A =1,2, 3).

(2) Three kinds of "color" scalars:

u3„=f„R„+e(r' '/2) 3„,
with eA„=g'8„. It should be stressed that the extra L-
handed vector meson L„does not directly couple to the
L-handed quarks and leptons pL, as shown in Eq. (3.6c).
The canonical scalar fields with mass dimension =1 are
accompanied by the mass scales A for wL, AI for g, and

AR for $R. The composite quarks and leptons are
grouped into g; and their electric charge Q, is given by
the sum of Q,m for the scalars r' '/2 and the fermions

Y/2, which yields the familiar relation of Q,m=(r( '

+ Y)/2. The coupling constants are related to each oth-
er:

where i(=1,2) and a(=1,2), respectively, denote the
"flavor" and SU(2)L" "color."

(3) "color" gauge bosons, (G„),"of SU(2)L" with the
gauge coupling g, (GL+)" of S'M(2)L' with gL, and
(G„„)"of S'M(2)R' with gR, and a "flavor" gauge boson,

B„,of U(1)' with g'.
From these constituents, composite quarks and lep-

tons, which are "color" singlets, are made as

1

f 2

1 1

gL

1 1 1 1 1

2 2 g&2 g2 g2

fL=g

fR gR

(3.8a)

(3.8b)

(3.8c)

(3.8d)

qiL(R) NL(R)i CL(R)

0
IiL (R) L (R)i CL (R)

and composite vector mesons are

(3.3a)

(3.3b)
for canonical kinetic terms of V„,L„,R„,and A „.

The vector dominance of the photon is described by
the kinetic mixing part (X;„)ofX,",„r.

fV„=(T)LiD„w L

fLL„=wL(AD„g )w L

fRRp =WRLDpW R

(3.4a)

(3.4b)

(3.4c)

( WL(R)W L(R) P q W L(R)WL(R) )

g') =(g'g) =r . (3.5)

The rest of argument goes through in the same way as
in the QCD case. Our Lagrangian for "color"-singlet
composites is calculated from the SU(2)L' X U( 1 ),'"
X 4'Q(2)L" X S'M(2)R' gauge theory' as

L„„f=L„;„+L„,+/0..

The dynamical constraint on the con@ning phase is to
form the scalar condensations (except for the freedom of
the radial excitations of composite scalars}

~VL
L (i) P( j)P,v

2
(3.9)

Y' —'= V' —'+A, L—
I v VL I

(3.10b)

(3.10c)

where Arv=e/f, &~L(R)=e/fL(R„and &),L =f/fL. The
Lagrangian with extra composite weak bosons character-
ized by vector-meson dominance has been discussed in
the literature. The fields with the kinetic mixings
resolved are provided by

(3.10a)

v Ar
cy(3) +1 g2 V(3) +g L(3) F~ )'R

R (3)
P 1 V 9 VL P

1 g2 P
yV
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~(+)—R ( )

P P

(3.10d)

(3.10e)

(3.101)

The vector fields A„, V„, X„, and %„are also ex-
pressed in terms of fields with the orthogonal mixings in
the Higgs phase of (tcL(„))=(g)%0, which thus refiect
SU(2)g'X ()'Q(2)~"~SU(2)~" with the gauge coupling

gD =ggL /(g +gL )' ( =g cos8L =gL sin8I ), U(1),"'

( =g'cos8„=gR sin8R ), and SU(2)D' X U(1 )D"~U(1),"'
with e =gDgD/(gD+gD ) ( =gDcos8=gDsin8):

A „=sinBa „'+cosBb„,

V„' '= cos0a„' ' —sinBb„,

V„+—=sin8L GL„' +cos8L G„

X„' =cos8LGL„sin8LG—„'",

R„'=cos8R GR„—sin8R B„,
~(+)—G(+)

p Rp,

(3.11a)

(3.11b)

(3.11c)

(3.11d)

(3.11e)

(3.1 lf)

where a„' '=sinBL GL„'+cos0LG„' ' and b„=sin8„6~„'
+cos0+8„. Following these relations together with the
identification of f=gD, fL =g, and fR =gR leading to
A, y v

=sin0, kyL
=sin0 sin0L, gyp cos0 sin0„, and

A, VL =sin0L, it is shown that the Lagrangian evaluated in

the Higgs phase is exactly the same as the one in the
confining phase. Thus, complementarity works.

After including the vector meson dominance of the
photon, one can derive the effective four-Fermi interac-
tions for charged and neutral currents as follows:

2 2

YACC
f J( —

)J(+ )p+ J( —)J(+ )p

2 2 L) I 2 R) R
my m&

INC f g(3) Jem + Jem
eff 2 Lm, f m, fL2

2 2
J(3) e Jem

2 R 2
m~

(3.12a)

(3.12b)

where mv=fA, mi =fLAL, and mR=fRA„. These
forms are easily obtained by noticing that the effective
Lagrangians are determined by exchanging the fields with
diagonal masses, which are in this case V„, L„, and R„.
To be phenomenologically consistent, the dynamics
should ensure that the R-handed mass m~ be much
heavier than the mass m~, so that at least right-handed
current interactions are suppressed. For SU(2)L'
XU(1),"'XSVl(2)L" at the absence of R„, the phenome-
nology of 8" and Z' has been discussed in the litera-
ture. The masses m~ and mz are constrained to be15

m ~ z 200 GeV from low-energy data' letting
(e/f ) =0.22 —0.24, from mu, (z)=80.00+0.56 (Ref. 17)
[91.09+0.06 (Refs. 18 and 19) GeV], and from
pp~ 8"Z'+ . followed by IV'(Z')~ev(e+e ) at
Fermilab: (7 u, .B, (o z.B + ) ~7.6(1.0) pb.

B. SU(2)L' doublet c( aud SQ(2)1"doublet wl

One may insist that the fundamental fermions cL,
which was taken as the "color"-SVl(2)L" doublets, are
equally possible to carry the SU(2)1" "color." In this
case, left-handed states of quarks and leptons are provid-
ed by

I. NL. I SCL

l(L
—(()L,gcL,

(3.13a)

(3.13b)

with qR", lR —(I)RcR" of Eqs. (3.3c) and (3.3d), whose in-

teractions turn out to be X„„&=Xk;„+X„,+SO with

2()=61 y"(i ()„+fV„+fL L„+eg, 3„)fL
+JR y"(id„+f RR„+eg, A„)l(tR, (3.14)

where 1(tL does couple to the extra boson, L„. It can be
found that m~ z ~700 GeV to be consistent with low-

energy data as well as the measured m ~ z.

IV. SUMMARY AND DISCUSSIONS

We have discussed properties of composite particles,
especially those of vector mesons, which are generated by
a confining force based on a non-Abelian gauge theory,
and derive their interactions at low energies, where their
substructure is hidden and composite particles behave as
"elementary" particles. If coupling constants are con-
strained, low-energy physics for the composite particles
realized in the confining phase is identical to that for the
elementary particles such as massive gauge bosons in the
Higgs phase as long as the scalar degrees of freedom (ex-
cept for the Nambu-Goldstone bosons) are frozen. It can
be directly seen from the Lagrangian of the confining
theory with the assumed dynamical behavior of the scalar

((t))%0 (from the Higgs potential) ((t) P)%0 (from
the confining force). The characteristics of low-energy
physics in these two phases lie in the mixing scheme: in
the Higgs phase, the mass mixing gives the physical fields
but in the confining phase the kinetic mixing manifests it-
self. The equivalence generally occurs as a result of com-
plernentarity and ensures the "duality" between compos-
iteness and "elementariness" of particularly selected com-
posite particles that have the corresponding degrees of
freedom in the Higgs phase. The low-lying composites
are expected to satisfy the "duality. "

The examples discussed are the cases of color-SU(3)'
symmetry for QCD and "color"-SU(2)L' symmetry for
electroweak dynamics (EWD) that is extended to include
extra Wand Z bosons as composites. For QCD, massive
gluons G„act as composite 8 vector mesons (such as p,
etc. ), g, G =jviD„(~ for (v-qq, while for EWD rnas-
sive gauge bosons O'„—=G„' —' and Z„=cosBG„' '

—sin08„are disguised by composite weak bosons as

gIV„+—= &2Tr(~' —'(I)LiD„w I )

and

gzZ„= +I —(e /f ) Tr(r( )(I)~iD„(T) I )
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shown to simulate massive gauge bosons properly con-
structed from the fundamental gauge fields G„, GL„, GR„,
and B„and then to satisfy the "duality. "

A similar procedure can also be possible for an extra Z
boson associated with the unbroken "color"-U(1)c' sym-
metry ' as far as it is hidden inside composites. The
weak bosons V„and extra Z boson X„are
fV„=wLiD„w ttand f~X„/2=(iD„( . The SU(2)L"-
"colored" wt carries either the U(1),'" charge Q,
or the U(l)'c' charge Qc=r' ' while g has Q, =1 and

Qc = —1. Composites are arranged to be
SU(2)t" XU(1)c'-"color" singlets. Quarks (a=1,2, 3)
and leptons (tz=O) are constructed as gL =g~@cL and

a & af„=g 'c with 4;=wt; for the U(1)' -charged one;
= (gwt „g wL2) for the U(1)'c"-charged one. The
SU(2)L"-"colored" fermions, cL „, carry
Q, =(B L ——Q, 2Q~' —Q;) and Qc=(Q, Q;) for
(cL,cR). The interesting examples have been discussed
by identifying the U(1)c' charge, Q(g;), with (i) the lep-
ton number for a "leptonic gluon, " (ii) the baryon num-
ber for a "singlet gluon, " (iii) the hypercharge for a
"hypercharge boson, " in the case of the U(1)' -charged
wt, and (iv) the hypercharge for a "heavy photon, " in
the case of the U(1)~"-charged wt. The details will be
found elsewhere.

for wL -(P,P), where P is the Higgs scalar.
The L-R-asymmetrically realized weak interactions al-

low the additional W and Z bosons to be associated with
SQ(2)t'~tt~ [for p-like mesons with L(R) coupling to fer-
mions] or 15(2)L'X$5(2)tt' (for p- and A &-like mesons
with V and A couplings), but not to be associated with
the QCD-like SU(2)v symmetry as discussed in the Sec.
III. The composite vector mesons, V„, L„, and R„, in

the confining "color" SU(2)L'X SVl(2)L'X 4'M(2)tt'
gauge theory, are taken to be

f(V„)',=(wLiD„w t )', ,

fL(L„)l=lw~(ktD„k')w I ll

fR(R~); —(wtt tD~w tt );

where wL and Co&, respectively, carry the "color"
O'Vl(2)L" and 4'(I(2)'„" "colors" while g is the SU(2)L"
and 4'M(2)t" doublet. Quarks and leptons are compos-
ites of the scalar wt „, (i =1,2) and spinor cL'R

(A =1,2, 3) constituents: '

A A
q L(R) L'(R) L(R) '( wL(R)ik L(R) )

0 0l L(R) wL(R)icL'(R) (or wL(R)iScL(R) )
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The interactions of q, I ( =P) with the vector mesons are
derived as PLy"(iB„+fV„+eg, A„)1(L for /=wc and
sty"(itJ„+fV„+fLL„+eg, A„)gz for g=wgc and
those of hatt are as g„y"(i'„+f„R„+eg, A„)gtt. The
kinetic mixings are specified by A,rv=e/f (=sin8) for
y —V„, A L

=e /f L ( = sin 8 sin 8L ) for y L„, —
A, tt=e/ftt (=cos8sin8tt), and A, ~L =f/ft (=sin8t )

for V„—L„. Then, the composite vector mesons are
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