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The general theory of two-Z-boson electroweak models is developed, without using
gauge theories. All low-energy neutral-current couplings are expressed in terms of the
generalized Weinberg angle and other parameters. The sufficient condition for giving the
same neutrino-induced neutral-current reactions as the Glashow-Weinberg-Salam (GWS)
model does is obtained. The best place to see the deviation from the GWS model is the
forward-backward asymmetry in e tfe ~—pu*u~. We find a model based on
SUQ2), ® U(1)x ® U(1)p_;, which yields exactly the same predictions for charged-current
reactions and neutrino-induced neutral-current reactions as the GWS model does and still

gives the larger forward-backward asymmetry.

1. INTRODUCTION

The successes of the predictions of the
Glashow-Weinberg-Salam (GWS) electroweak
model! in neutrino-induced neutral-current reac-
tions and the qualitative agreements in electroweak
interferences in e Te "—u T~ and eH reactions
may lead to the question why such a simple theory
holds in Nature. The group is not semisimple be-
cause of the ugly U(1) factor. The parity is broken
by hand explicitly, i.e., SU(2) doublets are all left-
handed, while singlets are all right-handed. The
symmetry is broken by just using the simplest
doublet Higgs scalar(s). The naive extension of the
GWS model to grand unification® gives us the em-
barrassing desert where nothing new is expected
from 10 to 10'° GeV.

Perhaps, Nature conceals herself in such a way
that at low energies only a simple but prejudiced
look can be seen by us. We could find, after some
illusions, oases where flowers are blooming in the
desert. Thus, we can consider the possibilities of
having two or more Z bosons in the electroweak
interactions. Our first try would be two-Z-boson
theories. We have only a few possibilities, because
the rank is just three: SU(2) ® U(1) ® U(1),

SU(2) ® SU(2) ® U(1), and SU(3) ® U(1), if we con-
sider only doublet or triplet quarks and leptons.
(Theorems proved by Okubo® help us enumerate
these possibilities quite a lot.) All of them actually
have been proposed.* However, analyses have al-
ways been plagued by the arbitrary choice of Higgs
scalars and are therefore model-dependent. Some
progress has been done toward the general neutral-
current structures in gauge theories, without going
into details of Higgs scalars. Georgi and Wein-
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berg® have proved a theorem which shows the ex-
istence of expanded gauge theories, without chang-
ing the predictions for neutrino-induced neutral
currents. In these cases, at least one of the Z bo-
sons must be lighter than the Z of the GWS
model. In the framework of SU(2); ® SU(2)g
®U(1)_;, Li and Marshak® have analyzed the
most general neutral-current structures and the
present author’ has obtained the general mass rela-
tion among W’s and Z’s.

The desert may be blooming because of the pos-
sible existence of the inner structures of quarks and
leptons. Some people® argue that weak interactions
are just the residual parts of binding forces of
quarks and leptons. Attempts have been made in
this direction of thinking, initially by Bjorken®, and
by Hung and Sakurai.!”

Considering these facts, we are led to investigate
the general theory of two Z bosons, using the in-
formation from gauge theories as little as possible.
This is the purpose of this paper.

The most general Z-boson theories can be said to
be the theories where neutral vector bosons Z ]9 mix
together and produce a photon field 4 and Z-boson
fields Z;. There are two possible types of mixing
scheme: (1) mass mixing and (2) kinetic mixing.
The mass mixing occurs because of the nondiago-
nal terms of the mass matrix, while the kinetic
mixing is caused by the nondiagonal terms in the
kinetic terms. In the text, we only consider the
mass-mixing theories, since gauge theories yield
only these. Two-Z-boson theories with kinetic mix-
ing are discussed in Appendix A.

In Sec. II we discuss the possible types of boson
mass matrix. We introduce the parametrization of
the diagonalization matrix of the mass matrix in
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Sec. III. In Sec. IV, we express the low-energy
neutral-current interactions in terms of the param-
eters of the theory. Section V is devoted to the
discussion of how we obtain the same predictions
for neutrino-induced reactions as the GWS model
does. We find the conspiracy condition and dis-
cuss its implication for gauge theories.

In Appendix A we show that the mass and the
kinetic mixings are not compatible in a single-Z-
boson theory, if we insist that the predictions of
this theory yield exactly the same as the GWS
model does. Thus, we have either one of the two
types, but no mixture of the two: The mass-
mixing case is the GWS model, although it is not
necessary to gauge the theory, while the kinetic-
mixing case corresponds to that of Hung and
Sakurai.!® However, for theories with two or more
Z bosons, we have in general the mixture of two
types. Therefore, the general analyses become
complex, although specific cases can be done. (For
example, Barbieri and Mohapatra!! have discussed
the left-right-symmetric two-Z-boson theory.)

In Appendix B we discuss a model based on
SU(2), ® U(1)x ® U(1)z_,; which satisfies the
conspiracy condition and gives the larger forward-
backward asymmetry in ete " —utu".

II. CLASSIFICATION OF TWO-Z-BOSON
THEORIES

Consider a general mass matrix for photon and
two Z bosons, which is real and symmetric. The
non-negative eigenvalue property yields'?

M?*=P'P, (2.1)

where P is a real upper-triangle matrix and ¢
denotes the transpose operation. Since one of the
eigenvalues of M? gives the mass of the photon, we
must have

detM>=][] p;*=0, (2.2)
J

where pj; is the diagonal element of P. Therefore,
we have only three possible types of mass matrix
M?

Case 1, p;; =0,

000|044 B
M*=|4 CoO||loCD
BDE|I0OE
0 0 0
= |0 A4%24+C? A4B+CD |. (2.3)
0 AB+CD B?>4+D*+E?
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Case 2, p,; =0,

A0 0]|[4BC
M?*=|B 0 0||0 0 D
CDE||00E

A? 4B AC
= |AB B? BC . (2.4)
AC BC C?*+D?+E?

Case 3, p33=0,

4A00]|[4 BC
M*=|BDO||0 DE
CEOJl0O0O
A* 4B AC
= |AB B*+D?> BC+DE|. 2.5)
AC BC+DE C*+E?

The use of gauge theories automatically ensures
the type of mass matrices to be one of the three
cases above. However, since it is not obvious that
similar relations hold in composite-boson cases, one
must be careful in constructing such models.

It is easy to see that case 1 corresponds to the
case where the photon does not mix with other bo-
sons. We show that case 2 corresponds to the case
where the photon is made of two neutral bosons.
Case 3 is the most general one where the photon is
a mixture of three bosons. In terms of the gauge-
theory language, the electric-charge operator is
given by Q=f(T%, Q=£,(T,°T,°), and
Q=15(T\%T,° T,° for cases 1, 2, and 3, respec-
tively, where T}) denote the neutral generator of
some groups corresponding to the Z 19 bosons.

Let us denote the diagonalization matrix U,
which is real and orthogonal, as

xXps
U=y q t]|, (2.6)
zZ rou

by which we obtain the physical photon and two Z
bosons as

4 zi| |28 4
Z, |=U"\2%|, |Z%|=U|z,|, 2.7
Zz Zg Zg ZZ

where ¢ denotes the transpose.

Now, we discuss case 2. The 11 component of
the mass matrix in terms of the physical basis is
given by
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M?*=(Ax +By +Cz)*+(D?+ E?)z? III. PARAMETRIZATION

=0 (2.8) We discuss case 3 only without loss of generali-
ty, since we can parametrize the diagonalization
matrix U such that it can produce all three cases.
The parametrization needs some physics such that
we can have the generality of producing all possi-

since we take M2, as the photon mass. Hence,
z=0, which yields

A=xZ%4yZ° 2.9) ble two-Z-boson gauge theories, such as SU(2)
®U(1) ® U(1), or SUQ2), ®SU(2)g @ U(1)5_,,
which shows that the photon is a mixture of two etc. We use three parameters 0, @, €, and express
Zs. U as
I
sinf cosd cosd cosf sing
esinf —tanf |esinf cosd -+ ﬂz tanf | —esinfsing + ggg@_z , (3.1
sinf sinf
z tan6(e sing —z cos¢) —tanB(e cosg+z sing)

where z=(cos’0—€%sin?0)!/2. The angle 6 is the generalized Weinberg angle. The case where =0 corre-
sponds to case 2, while the case where 6=0 corresponds to case 1. Because the mass matrix has five param-
eters. A4, B, C, D, E, we can express everything in terms of 4, B, 8, ¢, . For example, two physical Z-
boson masses are

M, 1 M?,
M, %= 1—— |€sin%0 +cos’0 tang | ,
%1 cos?0 z + M2, ¢
M? 1 2
M, = 14+ — |€sin%0 +cos?0 cosd | , (3.2)
% cos z M2, ¢
where
M?*,=A4% M?,=AB , 3.3)
sinf C E
=— =, 4
z A +€B eD 34
.2 2
tan2¢ = — (24 /z)(A€ sin“6 + B cos“0) (3.5)

A% —(1/2%)(Ae sin%0 + B cos20)> —D*cos*0 /22

One notices that the limit $— +0 corresponds to the standard GWS model, if gauged, because in that case,
we have M2, = g2<IJJr T3?® where ® denotes the (reducible) Higgs scalar(s).

IV. PHYSICAL NEUTRAL-CURRENT COUPLINGS

We assume that the Z Jp interact with Dirac fermions as
F= }_;z,wywci—cjys).p . 4.1)
J
Using Eq. (2.7), we can express this in terms of physical photon 4 and two Z;. One strong constraint is that
the photon must couple to fermions with a vector coupling. This constraint yields
eQ=xGy+yGy+2Gy , 4.2)
0=xG} +yG} +2G} . 4.3)
Now, we can have the physical neutral-current coupling constants in terms of G{}, 4 (j=12)and Q:

L =AMy, eQv+ 3 ZMpy, (gl —glv Y, 4.4)
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where
ghm—L | cosp— 2 ¢ in26 (G —eQ sind)— 2 cos20(G2 —eQe sind) | (4.5)
cosd z z
gl= 1 cosp — il226 sin%0 |G} — Mcosz()Gj ] , (4.6)
cosf z z
gi= cols6 sing + c_ozs¢_e sin?6 (G —eQ sind)+ ngﬂcos@(G;z/ —eQesing) | , 4.7)
g2=— | |sing + <% ¢ sin%0 |G} + <2 cos0G2 4.8)
cosf z z
. [
The‘f.actor Gy —eQ sind is actually equal to the PNC)=+ 1 Jigie 4.13)
familiar form il VR
J
+8(T3—2Qsin%) where
if Gy, 4 is gauged as SU(2); . J{, =Y Jkyu(g{'z—g;i Vs (4.14)
Unfortunately, the parameters which can be k

found by experiments are not g, g}, but those
which characterize the low-energy neutral-current
interactions.!> The low-energy neutral-current in-
teractions are defined as follows:

vH and ve:
L= —G—F—[wﬂ( 1—ys vl H | (4.9)
V2 u
where
T =0v,(8v—gavs)¥ 4.10)

and gy, g4 are matrices and ¢ denotes fermions.
We assume the absence of flavor-changing neutral
current.

e” H:
Gr o
f:V_E[CI(e‘y 759)(¢7/ﬂ¢)

+Ca(Eyte)dyysd)] 4.11)
where 1 denotes quarks.
ete"—Hutu:
Gr
<=5 haa@yPyse + iy Pysu)@yyse +Byuysp)
4+ (4.12)

We will express gy, g4, Ci, C,, h 44 in terms of
our parameters, 6, ¢, €, A, B. In our theory, the
effective neutral-current interactions can be ob-
tained from

and k goes over quarks and leptons. For
neutrino-induced reactions, we use only the left-
handed part of neutrinos. Hence, we get

Gr gh+gl | &b
—gy= R 4.15
‘/5 8y ; 2 VMZ.2 ( )
J
Gr gh+gl | gl
L, , 4.16
‘/igA ? ) s MZ_2 ( )
7
since
_ _ | gl+gd
'V'yp(g{"“gﬁ Yshv= VVu _2—— (1—ysv
_|el—gi
+Vyu Vng (I+yshv.
(4.17)
For electron-hadron reactions, we have
G, 1 . .
720, = ? W(g,’; )8V (4.18)
J
GF 1 i j
73 C,= ? M, (g))eg) - (4.19)
J
For ete~—u*u~, we have
G ;
Z L (g ). (4.20)

Shu=2
V2 T Mz}

The following are the explicit forms of gy, g4,
Cl’ Cz, and hAAt
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G 2 2
_x/%sz—(;;i?(;(G}/_eQSine) a; a—%—{—%z[zz + ZMgb +%(G;2/—eQesin0) a11/1+azcojeﬂ R
(4.21)
Gr 1 1., cos29 1 .2 cos6
—_—g = G —_— —G , 4.22
3 84 g G4 |4 B B¢ z Y +5 64 a1y +a, B 4.22)
Gr 1 i . 1 ﬁ 2| 462, cos’0
\/ECI_ s2O(GV—erme) Gy | g ﬁ¢ Y
1 2 cos’0
? GV eQe sinf) GA2¢+ z B, (4.23)
Gr 1 . 0s20
72C2=;@G,§ (G, —eQ,sind) a—%z— —q? —|-(GVe—eQeesm9)c '/
+—21-G§ (G, —eQ, sind)p + (G2, — eQeesme)cosaB , (4.24)
Gr 1 1 v Y1, 2 cos?0 2 12 | cos?0 ’
Vih“— 60829 [(GAe) a— B + Bl// +ZGAeG ¢+(GAe) Bl, (4.25)
r
where where
a;=5(Gl+G), (4.26) qT3q = 5(@u —dd)+ 5 (G —58)+ - - -,
IT31 =5 (v, —2e) + 5 (V,v, — ) +
¢:_y+§sin203, 4.27) Yo A

2 2
CO!
a_____¢_ sm 2 s B___Q+ S

Mz? Mg, Mz Mz}’
y=cos¢ sing 1 (4.28)
Mz* Mz}

So far, we have not used any information from
gauge theories. We list the conversion table for
gauge theories as follows:

(1) The Glashow-Weinberg-Salam model:

G;=Gi=0, Gy= GA—ngJ,
a,=g/2, (12=0
a=1/Mz* B=y=0.

(2) The left-right-symmetric model,
SUQ2), @SU(2)z @ U(1)g_:

Gy=Gj=gTs,
Gi=—Gl=58T;,

a;=g/2, a,=0,

and g and / denote quarks and leptons.
It is easy to establish such relations for other
models.

V. CONSPIRACY MODEL

Our formulas for gy, g4, Cy, Cs, h 44 are so
complicated that they appear to be of no use.
However, one can draw rather general conclusions,
provided that two-Z-boson theories have exactly
the same neutral-current (NC) structures in
neutrino-induced reactions as the GWS model
does. This requirement can be satisfied if

MO 1 M 2 N
G =G Gy—, (5.1
% cos?0y ¥ cos?0 oy
MO 1 M 2 N
G e a2y (5.2)
0 cos0y cos?O 047
sinfy sin@ € sinf
My= M N, (5.3)
cos?0y 0 cos*O T

where
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1
Go=78cwsT3
1 1

M,= ,
ngwsMZ
s (5.4)
M=a|a—2 41 ¢Zl 2Ly,
B
1‘/'=‘11¢"i"12c0s B,

and M is the Z mass of the GWS model. From
Egs. (5.1) and (5.2), we have either

(V —A) or vanishing G#,G3

Gy —Gji=0, ie.,

(5.5)
or
N= a1¢+a200893=0 (5.6

if GL—G}=0, i, (V¥ —A4) type. We assume here-
after that G and G are exactly the same as in
the GWS model. This assumption is trivial if the
theory is gauged as G=SU(2); ® - - - with its
electric-charge operator Q as Q =T3,+ - -+ . We
assume furthermore that Eq. (5.5) is not satisfied.
Then, Eq. (5.6) leads to

-

B Mj;?

(5.7)

The case where G2 =G 2 =0 for ordinary quarks
and leptons [i.e., Eq. (5.5) is satisfied] has been dis-
cussed by Barger et al.!* The condition Eq. (5.6)
is sufficient for having exactly the same NC reac-
tions for neutrino-induced reactions, but not neces-
sary, as can be seen from the argument above. The
condition Eq. (5.6) can be simplified, using Egs.

(3.2) and (4.28):
a IB =(12A (5.8)

since

IV hLameery (G} —eQsinb)a,d ,

1. ~
‘/EgA"' 29 GAala,
Gr 1 . ) |~ cos?0
72C,——20(GV—erm9) G0+ —z—

2

a
2y

1705
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MZIZMZZ2 cos?6 ’
1/=*—'L— A4 1 6s1n26+cos26£
MZIZMZ2 cos? z A

The implication of Eq. (5.8) in gauge theories is
the following: Using

A2:g%q)T(T(l))2(D ,
AB :glgz(DTT(l)T(Z)(D ,

a;=g1pP1, a2=8202 >

we get

P d>TT‘“T(2)(I>=p2(I>‘L( T2 (5.9)

where g; and T are the correspondmg coupling
constant and the generator for the Z The p; are
the strength of the left-handed neutrmo coupled to
the Z boson. [For example, if G = G1 ®G,
®U(1) and G; =SU(2)., then p; =+.] We call Eq.
(5.9) the conspiracy condition. The simplest way to
satisfy the conspiracy condition is

&' TVT VP =0 and p,=0. (5.10)

Georgi and Weinberg® achieve this by doing the
following: The gauge symmetry G =G, ® G,
® U(1) is broken by two Higgs scalars ¢, and ¢,.
The ¢; transforms nontrivially under G, and U(1)
but is neutral under G,, while the ¢, transforms
nontrivially under G, and U(1) but is neutral under
G,. Thus, we have ®'TVTP® =0 for
®=(¢,) + (¢,). Furthermore, if neutrinos are
neutral under G,, then we get p, =0.

Thus, our condition for obtaining the same
neutrino-induced neutral-current reactions as the
GWS does is more general than that of Georgi and
Weinberg.’

Now, neutral-current coupling constants at low
energies become very much simplified as follows:

(5.11)

(5.12)

cos’0

——(GV eQesing) |—B|Y , (5.13)

a
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2
Gr 1 . cos?9 | a2 | .y 32 .
—‘7_5C2=:0—s—256,} (G —eQ,sind)a@ +B | —— | —|(Gye —eQes1n6)a—1——(G,2/e —eQ,€sinb)

2 a
—%G} c0s’0 g |G}, —eQesinG)a—2~—(G;2/e —eQ,esind) | | (5.14)
1
G 1 20 |°
F 1 2~ COS 2
—hyy=—5 |(G — | BY*|, 5.15
‘/2 AA 0082 0 ( Ae) a+ 3 ( )
[
where Z2. Since the GWS term (G },)%d@ and the devia-
2 tion term (cos?6/z)?BY? are of the same order (if
1 7 Mz 1
a= s =a—-1-, B= > T Y ~Gy,), we can expect a forward-backward asym-
Mz B Mz 1 M z, metry for two-Z-boson theories twice as large as
R that of the GWS model. Furthermore, this effect
Y=G),——G%, is enhanced by the propagator of the lighter Z bo-
a1 son Mz */(s —Mz *) (>1). In Appendix B, we
e=gsinf, G,=G,= -;-gT3 , give one gauge-theory model which illustrates the
. point.
using Eqgs. (4.28), (5.6), and (5.8). The other possible way of getting the larger
The Z-boson masses have relations asymmetry would be the case where neutrinos are
My, <M, , Majorana particles and v; and vg mix together
' (5.16) with an angle §. The reason is that neutrino-
Mz,>Mz, induced reactions now have the factor cos®8, while

which are derived from Egs. (4.28) and (5.8), i.e.,
11
Mz > Mz}
1 1

1
lez M222

M;?

1
sz

+ sin’¢

(5.17)

Using Eq. (5.17), we can express the heavier-Z-
boson mass in terms of the lighter-Z-boson mass

and the mixing angle ¢:
1
— 1.
(5.18)

Note that relations Egs. (5.11)—(5.18) hold for any
two-Z-boson theory, if the conspiracy condition is
satisfied. For another type of two-Z theory which
predicts Mz, M22 > M, see Barger et al.'*

1
sin’¢p

Mz =Mz> |1+

As can be seen from Eq. (5.15), the best way to
distinguish these two-Z-boson theories from the
GWS model before producing Z bosons is to mea-
sure the precise value of 4, inete —utu~
(Ref. 15), as long as Y540, i.e.,

2G§e¢_(G12’+G§ )v ’

which implies that v and/or e must couple with

e*e™ and eH reactions do not have this factor.
Since we fix the parameters in neutrino-induced re-
actions, e Te ~ and eH reactions are renormalized
by the amount 1/cos?8. The trouble with this idea
is that the Cabibbo universality requires a small
mixing angle 8.

Here, we examined the question of whether it is
possible to obtain different NC predictions for
ete™ and e “H reactions, even though neutrino-
induced reactions are exactly the same as in the
GWS model. In the gauge-theory framework,
Barger, Ma, and Whisnant!” have examined the
same question under the assumption that quarks
and leptons transform only under SU(2); ® U(1)
out of SUQ2); ® U(1) ® G. (We have not used this
assumption.) However, because of this assumption,
the NC structure is modified by only Jgy>.

Hence, their theory cannot predict larger asym-
metries for e te ~—ptu ™, contrary to our predic-
tions.

It is amusing to note that if v and e do not cou-
ple with Z9, then we have exactly the same low-
energy neutral-current reactions as in the GWS
model, and still have two Z bosons.

In the text, we have not concerned ourselves
about the charged-current reactions. The reason is
that the connection between charged- and neutral-
current reactions is established by the content of
Higgs scalars in gauge theories and we do not want
to go into the details of Higgs scalars. (As shown



in Appendix A, it is possible to find the relation in
the case of the kinetic mixing.)

We have found the general neutral-current struc-
tures for two-Z-boson theories, without using gauge
principles. They are given in Egs. (4.21)—(4.25).
The masses of Z bosons are given in Eq. (3.2). We
have found the generalized conspiracy condition
for obtaining the same neutrino-induced reactions
as the GWS model does in Eq. (5.5).

Notes added

The model discussed in Appendix B needs one
more Higgs scalar whose quantum numbers are
(3> 3 0) for (SUQR);, Uk, U(l)z_z ), in order
to make fermions massive at the tree level. The
vacuum expectation value of this Higgs scalar is
assumed to be very small. Thus, our conclusion is
essentially unchanged.

After the completion of this paper, we noticed
papers which use the gauge group SU((2); @ U(1)
®U(1). They are N.G. Deshpande and D. Iskan-
dar, Phys. Lett. 87B, 393 (1979); Nucl. Phys.
B167, 223 (1980); S. Rajpoot, Phys. Lett. 108B,
303 (1982); R. W. Robinett and J. L. Rosner, Phys.
Rev. D 25, 3036 (1982); M. K. Parida and A. Ray-
chaudhuri, ibid. (to be published); G. Fogleman
and T. G. Rizzo, Phys. Lett. 113B, 240 (1982); N.
G. Deshpande and R. J. Johnson, University of
Oregon Report No. OITS-188, 1982 (unpublished).

The bounds on boson masses in the general
SU@2), ® SUR2)z ® U(1)g_; have been obtained by
V. Barger, E. Ma, and K. Whisnant, University of
Hawaii Report No. UH-511-462-82, 1982 (unpub-
lished).

I would like to thank Professor E. Ma for infor-
mation and discussions.
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B? N M;>—B?
1 1 q2 q2+M22
2
Alg*)= — 2
1—A% M2 ,_4£+ AM;“—AB
qZ q2+M22

Therefore, for the case where

AB AMz*—AB

A2 MZZ__AZ
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APPENDIX A

Here, we develop single- and double-Z-boson
theories with both mass and kinetic mixings. The
method is due to Hung and Sakurai.'® The start-
ing Lagrangian is

L=— 1P KD, —sOIMD, +0[W, , (A])

where K and (non-negative) M? are real and sym-
metric matrices and

O =(FpyFpsFrys .. .)
O =(20,2,,Z%,...), (A2)
Vo =(goJ .81 ur&20 ks ) .

The inverse propagator A~!(g?) can be written as
A~ g =¢’K +M? . (A3)

The physical vector-boson masses can be found
from

detA~(g?) | e =0 (A4)
Since we must have the photon, i.e., the pole at
g*=0, we have

detM*>=0 . (A5)

Hence, the form of M? is fixed as discussed in Sec.
11
1. Single-Z-boson theories

In this case, we have

1 A , |47 4B
A1) T T 4B B (A0
The Z mass is given by
M,? 1 (A>+B*—2)4B) . (A7)

T A2

The effective current-current interactions are given
by

'yt
TV, A(g)Y, . (A3)

Using

+
2 q2+MZZ

(A9)

4+ —
2 q2+MZZ
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(A4 —B)(A —AB)>0and 1—A?>0,
we have the interactions as

. 1 1 1 1
Llint)=———— | —~
2 1—)\.2 MZZ q2

since
(MZZ—AZ)W(MZ B2 |AM22—AB |,
AMz*—AB=(Ad —B)(A —AB)/(1—A?),
Mz*—4*=(A4 —B)*/(1—A) >0,
Mz*—B?=(4 —AB?/(1—A%)>0. (A11)

Since the interaction terms must be of the form
2

. 1 e2 ,, 1 8Nc
Llint)=——J ———=Jne? s
(int) 2 q2 EM + ) q2+M22 NC

(A12)
we identify
| 172
teJgm=|—"7——— (8o |B|Jo—g1 |4 |J1),
EM (1—A2)M,2 8o |B|Jo—g1]4 |7,
(A13)
| 172
tgncIne=|—"7T7——F—=
T8NcINe (1—}\.2)M22 ]

X(go|A —AB |Jog—g, |Ad —B |Jy) .

Obviously, there are two ways of getting exactly
the same predictions as the GWS model does:

Case 1: J1=J3L, J0=JY R

B? 172
e=—go ——(l—kz)Mzzl
42 172
BT eYYE

Case 2: Jo=Jgm, and 4 =0 .

In case 1, in order to have

detA~1(gH) = (142080 —A2— 0> —8%)g°

1
(8o | B |Jo—g1 |4 |1\ +———[80(Mz*—B»)' 2]y —g|(Mz*—4»)' 21, P |,
q°+Mz

(A10)
;
1/e*=1/g¢*+1/g:%, (A14)
we must have
A=0. © (A15)

One must note, then, that the resultant neutral-
current interactions agree with those of the GWS.
In case 2, we automatically have

8o=e (A16)

since A =0. The low-energy neutral-current in-
teractions are given by
2
1 &1

F(NC)=—>—
(NC)=5=5

e
J1——MEgm
81

Thus, we have the celebrated relation p=1, if
B2=M?, which is natural.

We have shown that in order to have the same
predictions as the GWS model does, we have two
possible choices: (1) A=0; the mass mixing or (2)
A=0; the kinetic mixing. The two choices are in-
compatible.

2. Two-Z-boson theories

Now, we discuss two-Z-boson theories where
1 A 38
K=A1ow]|,
§ w1 (A17)
A* 4B AC
M= |4B B*+D* BC+DE
AC BC+DE C*4+E?

As usual, the masses of Z bosons can be found
from detA~!(g?):

+[(1—0?)A%+(1—8*)(B*+D?)+(1—A*)(C*+E?)
—2(80w—A)4B +2(wA—8)AC +2(A8—w)(BC +DE)]q*
+[AXD*+E?—20wDE)+(BE —CD)*+(BE — CD)(—2AAE +284D)]q*
=(142A80—A*—8—0?)gX(q*+ Mz *)(q*+ Mz ?) . (A18)
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The effective current-current interactions are given by
LwTA( A2
T\P“A(q )WM .

We prove that the mass and kinetic mixings are compatible by showing that Jo=Jgy does not lead to the
vanishing of the off-diagonal terms of the mass matrix. Note that in a single-Z-boson theory Jo=Jgy
yields the vanishing of the off-diagonal terms plus the vanishing photon mass term.

Using the identity

ag*+Bg*+vy __ 7 1

g g +Mz)Ng*+Mz ) Mz’Mz} ¢*

2 Y 2V
B—‘ZJMZ1 M2 ‘B_'aMZ2 _M 2
Z, 1 Z, 1
+ 3 3 3 7 — 3 5 , (A19)
Mz,"—Myg, q"+Mz, Mz,"—Mz, 9" +M, ,
|
one can see that it is enough to find the ¢*- Then, we must have
independent part of the cofactor of A~!(g?), in or-
der to get the electromagnetic current-current in- AE =AD =0 (A22)
teractions. After some calculation, we find the which yields
electromagnetic interactions are given by

kMz *M, *=(BE —CD)*
l-l—_l_.[g 2 BE —CD)%J, 2+g 242525 2 ! %
2 kM7 Mz} ¢° ° ° 1 1 and the correct electromagnetic interactions

1 2 .

Note that the condition Eq. (A22) does not
necessarily lead to the vanishing of the nondiago-
nal terms of the mass matrix. Barbieri and Moha-
patra!! have failed to observe this, since they have
k=1+42A80—A—8"—0” . worked under the condition that w =0, B=0,

AC =DE, C+#0, D=+£0.
Having seen that the mass and kinetic mixings

+g22A2D2J22+ e ] N (AZO)

where

Equation (A20) should factorize into

l____l___i(go |BE —CD |Jo—g, | AE | J, are compatible, we are forced to analyze two-Z-
2 KM212M222 q° boson theories with eight parameters A,8,0,
A,B,C,D,E. Because of the complexity, we will be
AD |J,)* . (A21) ik : A
+82| 72) satisfied here to discuss the kinetic-mixing case,
As mentioned before, we identify goJ, as eJgy. since the mass-mixing case is dealt in the text.

3. Kinetic-mixing two-Z-boson theories

In this case, things simplify quite a lot, compared with the mass-mixing case. We have

1 A8 0 0 0
K=|A1 w|, M>=|0 m;> 0 (A23)
8wl 0 0 my?
and
detA~(g?)=«kq? q4+%[(1—82)m12+(1—7»2)m22]q2+%m12m22
=kq*(q*+Mz *)g*+Mz ), (A24)
where

KM212M222=m12m22, K(M212+MZ22)=( 1 —82)m12+( 1 —)Lz)mzz . (A25)
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The effective current-current interactions are given by A(g?):
(1—)g*+(m 2 4+my?)g*+m’my? (8o—A)g*—Aimy2q? (Ao —8)g*—8m g
PRy (8 —A)g*—Amy’q? (1-8Mg*+my%q>  (A8—w)g*
(Aw—8)g*—8m ,q? (A8—w)g* (1—A%)g*+m%q*
(A26)

Although the exact interactions can be given, we give the low-energy limit of two-Z-boson interactions.
That is, we separate A(g?) into

Aphoton(qZ) +AZ(q2)
and take the limit g>—0 for A%(g?). Using the formula Eq. (A19), we have

M 2 M 2
aq*+Bq’+vy SN SN S S ——"—— e (A27)
kqXq*+Mz)Ng*+Mz,)  kMz’Mz? ¢*  kMz’Mz}? Mz Mz}
T
Hence, APPENDIX B
100 . . .
photon 2 1 We discuss one gauge-theory model which yields
A (g©)=— 1000}, exactly the same charged-current reactions and
000 neutrino-induced reactions as the GWS model does
which implies Jo=Jgy and ami still gives the larger forward-backward asym-
metry.
m 2+ A2my2 —Am,? —6m? The mobel is based on the group'®
1
AZ(°)=FF —Am,? my? o |, SU(2), @ U(1)g @ U(1)p_; , (B1)
1’m; 2 2
—8&m; 0 mi where the electric-charge operator is given by
(A28) Q=T; +K+5(B—L). (B2)
which is' @ independent. The low-energy neutral- The form of the charge operator yields
current interactions are
| g5 2 e =g sinf=g,€esinf=g;z . (B3)
2 e
Z(NC)= 2 m; i _ZM EM Hereafter, we assume
2 2 g1=g,=g, le,e=1. (B4)
PRI LU PR Y (A29)
2 m,? 27 g, EM By examining the charges of quarks and leptons,
we see
Note that even with the mixing terms propor-
tional to w, the low-energy interactions are factor- K. =0 and Kp=Tj; . (B5)
ized and we have the generalized relation p; =1 We have the effective T3 symmetry in the right-
(i =1,2), if the corresponding charged-current in- handed sector. We assume that v is left-handed,
teractions are characterized by m;? (i=1,2). Also, ie.,
note that we cannot have the same conspiracy as in
the case of the mass mixing, since in this case K,=0, i.e.,, p,=0. (B6)
G 1 1 We take two Higgs scalars ¢ and ¢,, whose quan-
728V= _—m,z a;(Gy—AeQ)+ ——m22 a,(G§—8eQ). tum numbers are
A30
(430 $1=(2,0,5) and ¢,= 0,21,——2‘1
Compare Eq. (A30) with (4.21). a a (B7)
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The numbers in parentheses are the SU(2);, K,
%(B —L) guantum numbers, respectively. There-
fore, the conspiracy condition is satisfied.

The vacuum expectation values for ¢, and ¢, are
denoted by
0
v |’ <¢2> =a .

(¢1)=[

Hence, the ¢, gives the mass of the W in the same
way as in the GWS model. The mass matrix for
the neutral bosons is given by

—ggv?
—ggyw?
—ggy? —ggiw? gi’(w’+w?)

gh? 0
M2=% 0 g2u)2

(B8)
which gives

A =g, B =0, C=_g3” s
(B9)
D=gw, E=—g;w

in the notation of Eq. (2.5). Thus, Eq. (B3) is con-
sistent with Eq. (3.4).

The effective low-energy neutral-current parame-
ters are

&C _ &C 1 cos'd  Mz'

v2 ! V2 ! gws z2 lezMzz2 ’
—G—F—C _ —-GLC - cos'9  Mz'

\/i 2 \/i 2 GWS 22 lezMzzz ’
Gr Gr cos'9 Mz
—hy=|—F=h 1

V3 A V3 a4 ows + ;2 lezMzzz ,

(B10)
using Egs. (5.9)—(5.11), since for Dirac fermions,

1
Gy=58Ts, Gi=+¢Ts,
s ) , (B11)
Gy=58T;, Gij=—58T;.

Note that only v is the exception for Eq. (B11).
We have the forward-backward asymmetry
larger than the GWS predicts. Note that the mea-
surement of the deviations from the predictions of
the GWS model can give the masses of Z; and Z,,

200 sin28=0.22

1

150 +—

Mz (GeV)

100 = ,(Mzlgws (Mwlsws -
m

1 L 1 1 | 1 1 1 1
1.0 1.5 2.0

haa
(hanlows
FIG. 1. Masses of two Z bosons.

using Egs. (3.2), (5.7), and 4%/cos? =M ;2. The
explicit formulas are

M212=M22 {l—mgotamﬁ ,
_ (B12)
Mz =M;’ 1+3‘1‘9cot¢| ,
where
1
tang = ————[F + (F2+4A%%in%9)'/?] ,
¢ 2Azsin29[ +(F*+44A%z%in"0)" /%]
(B13)
F=(A—1)z*—(A+1)sin*6 , (B14)
z =(cos0 —sin%6)'/? , (B15)
haa—(haq)
_ AA AA'GWS (B16)

(hAA )GWS

We show the dependence on A in Fig. 1. Note
that if A=1, le =Mw.
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