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We present a natural SU(2) X U(1) X SU(2)' gauge model with low-energy predictions
identical to those of the standard model, but which allows all gauge-boson masses to be
above or straddling their standard values. We discuss the Higgs structure and its rela-
tionship to the naturalness of the model. Current measurements of the e te ~—pu ™
cross section set upper limits on the lightest W and Z masses of 89 and 116 GeV, respec-
tively; from data on e *e ~— hadrons, the corresponding limits My < 87 and M z,< 108
GeV are deduced. Some high-energy predictions for the model are explored. The model
is extended to U(1) X SU(2)¥ with all possible SU(2) X U(1) Higgs doublets and

SU(2) X SU(2) Higgs quartets.

I. INTRODUCTION

The standard SU(2) X U(1) electroweak model
sucessfully describes all low-energy weak-
interaction phenomena.? Alternative models based
on the gauge group SU(2) X U(1) X G, where G is an
arbitrary group, can be constructed*~® in which
the predictions at low energies are identical to
those of the standard model, but will differ at
higher energies. In previously constructed models,
the gauge bosons had masses less than the standard
W and Z masses. A general analysis based on the
SU(2) and U(1) couplings alone shows that, in
principle, there is no upper bound on the lightest
Z°7 There is already a model® with all masses sig-
nificantly greater than 100 GeV, but which re-
quires an adjustment of parameters to achieve the
proper charged-to-neutral-current strength ratio.

In this paper we present a class of models which
naturally reproduce the standard low-energy
behavior and which allow the lightest weak bosons
to be heavier than those of the standard model.

We examine in detail the simplest of these models.’
It is interesting to examine extended gauge groups
in the event that the weak-boson mass spectrum
turns out to have more structure than the one-Z,
one-W prediction of the standard model. The

group G could be connected with still-to-be-
discovered heavy fermions.

The electroweak gauge group to be studied is
SXU(Z)XU(I)XSU(Z)’ with couplings g,
81, and g, respectively. The known quarks and
leptons are assumed to transform only under the
subgroup SU(2) X U(1), and in the same manner as
the standard model. The additional SU(2)" may
couple to heavy fermions which are not detectable
at presently available energies. To generate masses,
we use the scalar doublets ®=($+,4°)
and ¥=(¢*,¢°) and a scalar quartet
n*t,m, 7°,m7) in. the representations
(T,Y,T")=(5,1,0), (0,1,5), and (7,0,7), respec-
tively. Spontaneous symmetry breakdown occurs
with vacuum expectation values (4°),(¢°),{(7°).
This is similar to the Higgs structure of Ref. 4, ex-
cept for the addition of the ¥ doublet. The Higgs
mechanism is fully developed in Sec. IIL

A consequence of this model is that the relative
strength between the charged-current (CC) and
neutral-current (NC) interactions is naturally the
same as in the standard model, i.e., without adjust-
ing any parameters. The naturalness comes about
from the simple form of the weak-boson mass ma-
trices. With our choice of Higgs structure the
charged-boson mass-squared matrix .# - is found
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by removing from the neutral-boson mass-squared
matrix .# z* the row and column corresponding to
the B boson of the U(l) group. The matrix .# ;2 is
given Py (J/Z )i = zg,zzﬁﬁlv,] and (A z%);

= — 388V 2 for i=~j, where v;; is the vacuum ex-
pectation value of the Higgs multiplet which con-
nects the ith and jth groups.

Since the known fermions are assumed to couple
only to U(1) and to the first SU(2), their charged-
current interaction is given by 2~ '/%g, i Wi,
where W is the charged boson assocmted with
the first SU(2) The resulting effective low-energy
interaction is 2go (W1 Wi ) where
(W{W7T )=(#w ). The neutral-current in-
teraction is given by g;(j," —-—_]LS))B +g0j(3)W(3)
and leads to the effective low-energy interaction
—a[(_l(3) it +C (" )] where

—g;Z(BB) —28081 (BW( )> + g WPWP)
and b is identified with sin?@y,. The factor la ap-
pears in the interaction because the product of neu-
tral currents contributes in two possible orderings.
The matrix .# 7 is singular because one of the
mass eignestates is the massless photon. By adding
to (A 2 ),J the term A% 2/g,g,, the photon acquires
an artificial mass, and the singularity is removed.’
The propagators in the expression for a are
(BB)—(.///Z )1], <BW(3)>—(./”Z )01, and
(WIWP ) =(# 77 With the above mass-
squared matrices, it can be demonstrated that
a=goX{ W{ Wi ) in the limit A=0. This gives
the standard-model relation between the effective
CC and NC couplings.

The particular Higgs structure of our model is
essential in obtaining the NC/CC ratio naturally.
For an SU(2) X U(1) Higgs multiplet (7,Y) the
weak-boson masses anse from terms in the Lagran-
gian of the form (6" zngp +gT; W X 2g1
+ gT;'W, W{(¢). A simple computatlon shows
that the des1red relation between .# ,* and .# ;°
occurs only when T(T +1)—T32=2T,?, where T3
is the SU(2) quantum number of the neutral Higgs
field which acquires a nonzero vacuum expectation
value. The relation holds for T— and for some
higher values (T'=3,2, . . .). For SUQR)XSU()
Higgs multiplets (7,7"), more than one neutral
Higgs field in the multiplet can break the symme-
try and the situation is more complicated. The
only simple examples which preserve the natural
property are T=T" with all nonzero vacuum ex-
pectatlon values in the multiplet equal. Only a

=T'=5 multlplet meets this last condition
w1thout the imposition of additional symmetries.

The physical gauge fields are related to the mass
eigenstates in Sec. III. The six parameters of the
model go, g1, g2, (#°) (¢°), and (%°) can be ex-
pressed in terms of Gy, e, the angle 6y of the
standard model, and three other parameters which
cannot be determined at low energies. Alternate
choices of the parameters are three masses M. zp
Mzz, MZc (or MWI’ MWZ’ MWc)’ where le and
M3z, are physical guage-boson masses and M_is a
critical mass in the model. Another choice of
parameters is 8y, 8;, and C, where 8, 8, re related
to the couplings gg, g; and C is the coefficient of
the (j," )? term in the effective Lagrangian at low
QZ

In Sec. IV we derive upper limits on the lightest
W and Z masses for the model, based on e e~
—ptp~ cross-section measurements. These limits
are 89 and 116 GeV for the lightest W and Z,
respectively. In Sec. V some phenomenology of
the model is presented and compared with that of
the standard model. From data on e te ~— had-
rons, we deduce an improved upper limit on the
parameter C with constrains the lightest W and Z
to be below 87 and 108 GeV, respectively. Total
widths for the weak bosons are calculated. We
present predictions for the total cross section and
asymmetry in e te ~ annihilation and the dilepton
mass spectrum for the Drell-Yan process in hadron
collisions.

In Sec. VI, we extend the model to include an
arbitrary number of SU(2) groups. We show that
these extended models are natural and argue that
the upper bounds on the lightest W and Z derived
in Sec. IV are probably not raised substantially in
the extended models.

II. THE HIGGS-BOSON STRUCTURE

The covariant derivative for the SU(2) X U(1)
X SU(2)" gauge group is given by

Dv=a,,—ig0_'f’-\_i",

—ig1 5 B,—ig, "W, ()
where W/, are the new gauge bosons of SU(2)’
which are not coupled to the known fermions.

The electric charge operator is Q =T3+ 5 Y+ T;.
The gauge-symmetry breaking is accomphshed by
the usual Higgs-boson doublet (T-— 5, Y=1,T"=0)
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+ (here the rows correspond to different values of T,
= fto ) (2a) and the columns to different values of T'3). In this
representation
a similar doublet for SUQ2) (T=0,Y = 1,T’=%),
= T
y= Y] (2b) R
- ¢0 ’
. 1 , 1 _ 7

and. a I:Ilggs-boson quartet (T =+,Y=0,T"=7) T'n= _,,’_;_ . 3)
which is self-dual (n=71*7,):

1
-7 *3 The most general SU(2) X U(1) X SU(2)'-invariant
7 -0t +7 (2¢) Lagrangian is
n= o .
7~ 7’ -3
|

<=, (D,®)+ (D, 9D, %)+ TRD,n)(D,9)—V(no,W),
where the Higgs potential is

V=p 20 D+ A, (®TD)? + 1,20 W+ A (VW2 4 m 2 TR 'y + h(Tryn)?
+£10 o+ £, 9 v + £ 0 oW W 4 (@Tw + WinT) (5)

Here Tr denotes the trace and the coefficients are real. Expanding this expression for the potential in terms
of component fields, we obtain

V=% 74 |67 1D+ A [6°12+ [ 67 1D +u(| 9|2+ [9F |2
00124 [ 1224 2m % 0 P+ | | D) +4h(|0° 24 |~ | 2P
+LAC° 12+ (7 [ D+1£201 40 2+ [9F D102+ [~ D)
+£3C18° 12+ 1% D012+ |9 D)

+1 (%Y =T YO+ Yt + E N+ YT — TP+ Oty + %0 (6)
With u,, uy, and m imaginary, the Higgs phenomenon occurs with vacuum expectation values
_[o _[o _ 1o
@ =[], =3] m="=1g |- g
For vacuum stability we must impose the condition

h>0. (8)

Necessary conditions for a minimum of the potential with nonvanishing u, v, and w are

t t
2002+ 5 frud+ fw?+ \}‘% =0, pl+20wi+ 5 foul+fi+ ‘/"5‘; =0, )
1 1 tvw
m2+2hu2+-2-flvz+7f2w2+ﬁu=0 .

Here we have ignored possible CP-violating effects and set u =u* Redefining the scalar fields as

¢—¢+(¢), y—>¢¥+(¥), and n—n+(7n), we obtain the Higgs-boson mass-squared matrix from the
quadratic terms of the potential. In the charged sector,

t

V=— v - |uwdt —uvpt +V 20wy ~* | 2. (10)

Thus one linear combination of ¢*, ¥+, and ™* acquires mass. The two other independent states can be
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gauged away to become the longitudinal components of the charged vector gauge bosons.
The quadratic terms in the potential involving Im¢@°, Im¢°, and Im%° become

V=—

‘/‘_2[ | uw Im@° — uv Imyp®+v 20w Imn° | 2 . (11)
uvw

The two massless combinations are absorbed into longitudinal components of the two neutral gauge bosons.
The mass-squared matrix of the remaining Higgs-boson states Re¢®, Rey?, Ren® is

tuw ut
— aAp? 2 L
e +4Aw 30w + %3 V2uuf | +wt

V= 2f3vw+”7’2 —%szw Vauwf,+ut | . (12)

V2uuf | +wt V2uwf, +ut —v2 Y | gpy?
u

To ensure that all observable Higgs bosons have positive mass squared, we require ¢ <0 in addition to Eq.
(8).

We remark briefly on the symmetry of the Higgs potential in Eq. (5). Without the ¢ term, the symmetry
is O(4) X O(4) X O(4), which upon spontaneous symmetry breaking becomes O(3) X O(3) X O(3). This yields
nine Nambu-Goldstone bosons, of which six are absorbed into W{,Z,,W5,Z, and three remain. With the

t term, the symmetry of the potential is SU(2) X SU(2) X SU(2), as can be verified by writing the ¢ interaction
in the form

¢° —o* N
o= ¢ —¢~9°
After spontaneous breaking, the symmetry is reduced to SU(2) with six Nambu-Goldstone bosons that are

absorbed. The residual SU(2) symmetry leaves a Higgs triplet, given by Egs. (10) and (11). This symmetry
is only approximate in that it will be broken by the Yukawa couplings to fermions.

L

O+ vinid=Tr 7
nY+Y'n 7

(13)

III. MASS EIGENSTATES OF THE GAUGE FIELDS

In the neutral sector the mass-squared matrix in the W), W’ ) and B basis is

gl +u?)  —gogu®  —gogv?
1
M= | —gogau® gl w +u?) —gigw? |. (14)
—gogv? —gigw? g M +w?)

The matrix #Z for which #%.# 22%ZT is diagonal is given by

no no no
8o 82 81
2
VA ny 2 glzK ny 2le 2 2 g12 2 2 g12K ny g12w2 g12K
RE=T— u"— | o | et 5 0+ w) | - 3 - > — 3
bgy Mz, bg, go go 2M7z, bgi | go 2Mz,
2
n, |, &’k ny 2My, s 5 81 ., g.’K n, |glfw? g’k
e (o | Be | e WO 0w | e e
bgo Mz} | g2 8o go 2Mz, bg1 | go 2Mz,

(15)

where K =u%v?+uw?+v*w? and b=u’—g,’w?/g,% The normalizations n,, n,, and n, are chosen such
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that #Z %= pZH%T=1:

no =

1 a7t e n? 2wl +w?)
82 ,

1
+—+ - ’
g’ &’ 2 Mz? Mg} K

(16)
n’ o ont Algo’ut+g i+ (u+w?)]
Mz* Mzt K*(go’81%+81782° +82780°)

In terms of the mass eigenstates 4, Z,, and Z,, the covariant derivative of Eq. (1) for the neutral sector is

2.2 2
1 & 1w 81K
D%=8,—ingQA,—i 3 n; |[T®+0— -
i=1,2 : b | g’ 2MZ:'2
, 1
+7'® be s[—2Mz2+g v g (u’+v)] | Z;, . a7
0

Hence n is to be identified with the electric charge e. In the fermion sector the SU(2)’ group is inactive so
that the interaction Hamiltonian is
g’k g/w?

1
H=ejTA,+ 3 m |jV—— |-
v Ay 5, ifJv b 2Mz,-2 g02

iV Ziy, (18)

where T is the usual left-handed weak fermion current and j°" is the electromagnetic current. The effective
weak neutral-current interaction at low energy is then

2
%3?:1"2;—“’2) [i‘f’— uz(l—eZ/iiz,;,z(eZ/goz) jem +C(ji“‘)2], 19)
where
2
Cc= 2K s n;? g’k _g12w2 B ul(1—e?/gH)+w2e?/gy? 20)
2u’+w?) |57, b*Mz? M2 g’ u’4w?

To ensure that the first term of Eq. (19) reproduces the effective Hamiltonian of the standard model we re-
quire that

_G_p_ _ (witw?) It is convenient to define the quantities
V2 4K (21)
2 2,52 2,2, 2 sw'8o’
o uM1—e?/g M) +we?/g 80— 1,
sin“Gy, = SR . e?
u+w 2 3
¢
In terms of the gauge-boson masses My and M, 6= d fl -1, (23)
of the standard model (M, =77.6 GeV, M, =88.5 €
GeV for sin’0y, =0.23), Eq. (21) leads to the rela- D =88,+8¢sw2+8icp? .
tion
Kg.? (u2cp?—wisy?) s 5 s The first two measure the deviation of g, and g,
b BENE =Mz sw'cw”, (22) from their standard-model values. Using the above

relations, the right-hand side of Eq. (16) can be re-
where cy =cosOy, and sy =sinfy. placed by observable quantities:
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ngp=e,
n12 n n22 8GF
Mz? Mz: V2’

(24)

n|2 n22 SGF

+ = ’
Mzt Mzt VaM;?

where the critical mass M z, is defined as

2 80°81°8>° (u*+wHK

M
Z, 22 golut+g w4+, ul+w?)?

=M;*(1—848,/D)"". (25)

The values of n; and n, can thereby be expressed
in terms of the critical mass and the Z,, Z,
masses:

172
8G; 172 Mz,-2 szz_MZcz »
n;= , I .
! V2 My, sz—MZ]2 J
(26)
The expression for C in Eq. (20) can be written as
M4y cw*D
c-McswewD @)
Mz ‘Mz,

where D is defined in Eq. (23). The term in the ef-
fective NC Hamiltonian of Eq. (19) involving C is
absent in the standard model. If Z, and Z, are la-
beled such that Mz <Mz, the reality of n, and

n, requires
MZl<MZc<MZZ . (28)

The charged-vector-boson mass-squared matrix is
the same as the W, W’ ¥ part of .#,% in Eq.
(14). By dropping terms involving ny and g, in
Eq. (15) we can immediately write down the diago-
nalization matrix for .# p %

N, N,

w__
R”= N, —N,

, (29)

1
8o

My My, =Mz Mz cosOy(148,)"'/2,

where
N2 4 N2 2u+w?) 8Gr
My? ' My? K v2 '’
1 2 (30)
N12 . N22 —4g02u4+g22(u2+w2)2
Myt Myt g0’82°K?
_8Gr 1
V2 Myt

The normalization constants expressed in terms of
the W, and W, masses are
172

> i

172 MW‘.Z Msz_MWcz

My, MWZZ—MWIZ

8Gr
V2

i=

(31)

with the critical W-boson mass defined by

2, 2(,,2 2
szzl 8082 (u 4+wiK
c 2 g02u4+g22(u2+w2)2

— My (1—8e81cw>/D)~" . 32)

Labeling W and W, such that My, <M W, the
reality of N, and N, requires

MW1<MWC<MW2 . (33)

The charged-current Hamiltonian in the fermion
sector is

.

=3

(N\WH+N, W)t + Hee.

(34)

where j{*) =" +ij?. The ratio of the charged-

current to neutral-current weak coupling strengths
is the same as in the standard model regardless of
the value of the parameters in the theory.

From Egs. (14) and (23) we find the mass rela-
tions

(35)

My > +My,> + My tan’0y [ 148,48, cos*0y /(148,)C1=Mz >+ Mz .

From Eq. (14) we find the mass inequalities
MW] <le <MW2 <M22 .

(36)

However, Mz > M7 does not necessarily require that My, ,>My.
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The covariant derivative of Eq. (17) for the neutral sector becomes

Dy=3,—ieQA,—i 3 m[T®—a;Q+BT ], (37)
i=12
where
a,'=(81-—DMZZ/MZI.2)/(80—81) ’
2
Sos (14-80)(1+8;,)M* Mz,
= (14+6)+ 14862+ 852+ 8% — (38)
B D 1 My, "M, (50—5,) 0w +01Sw "+ 015w M
The ZWW vertex is
T(Zjy— ij(p)WZL(q)] = —ifj[8wa(q —P)u+8uv(2D +9)2—82u(29 +D)] , (39)
where
Lk =8o R\ RNRL 1,1+ 82 R SRR 112 (40)

with i,j,k =1 or 2. The AWW vertex is obtained from Eq. (40) with fi; =e and j=k.
One possible set of free parameters for the theory is §;, 8;, and C. The original parameters of the theory
are related to 8, 8;, and C as follows [see also the first two equalities of Eq. (23)]:

g 2 92(1+80)(1+8]) uz— 2MZZSW2CW 80§W2 2
27 (8031 + 80w +Bicw?) eX1+8;) (1482 C’ @)
2 2MZ2SWZCW2 SICWZ 2 v2_ 2MZZSW2CW2 —L SQS'W2 610W2
32(1+80) (1+51)2 c’ e? C (148g) (148y)

From the positivity of g,%, u2, w?, and v?, 8, and
8; must both be non-negative in this 2Z, 2W
model, and C must satisfy the bound

2 2

> Sosw™  diew >0
= (148 (14+8) =~

In addition to the restriction of Eq. (28), Egs. (25)
and (41) imply

MZC>MZ . (43)

(42)

Also, Eq. (42) implies a further restriction on Mz,
M Z, and M z, We note that the parametrization
of the theory using M. z,» Mz,, and Mz _is double
valued. In the limit M. z, —M the two realiza-

tions of the model correspond to the BKM model*
and an SU(2) X SU(2)' X U(1) analog of the DGS
model.®

We now examine the model for special cases in
which one of vacuum expectation values, u,v,w
goes to zero. At least two must be nonzero to give
masses to all of the W and Z bosons.

The case w =0 corresponds to the
SU(2) X U(1) X SU(2)' model of BKM. From Egs.
(21) and (23) we see that this requires 8;=0. The

I
case u =0 (i.e.,, §,=0) gives a model with the same
structure as the SU(2) X U(1) X U(1)" model of
DGS: the mass-squared matrix in the W sector is
diagonal and only one W couples to the known fer-
mions, giving an effective one-W, two-Z model.
Both the u =0 and w =0 cases give Mz =Mz for
which the Z; and Z, mass straddle the Z mass.
The third limiting case is v =0. It gives the
theory with the smallest value of C for given
values of &y, 6, [see Egs. (41) and (42)]. - Because
the known fermions receive their mass from Yu-
kawa couplings with ®, a theory with v =0 could
not supply fermion masses in the standard way.

IV. UPPER LIMITS ON LIGHTEST W,Z MASSES

Since M w, and MZ] must be less than their

corresponding critical masses, any restrictions on -
My, and M. z, also place upper limits on the light-

est weak-boson masses. Solving for M| w, in terms
of M. Z,

M 2
My ? ¥

= : (44)
c CWzMzz/MZchf_st
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we see that in this model My, has an absolute My, [see Egs. (25) and (32)]. These limits are

upper bound of My, /sy.1° There is no a priori Mz <121 GeV, My, <97 GeV.?

theoretical restriction on the allowed range of Mz . More stringent upper limits on the lightest Z
Current measurements of the ete ™ —u*u~ and W masses can be found by maximizing M,

cross section give the restriction C <0.027."" This and My, directly for given values of C. Using ‘

upper bound on C along with Eq. (42) constrains

= Egs. (14), , , i
8o and &, and therefore the critical masses M. z, and gs. (14), (23), and (41), we can write

|

Mz, =Mz M2 {1+ 80cy (14 53*/C)+ 8155 X1 +cyp*/C)] + Msh el D /C=0

. (45)

My~ My "My "My [ 1480(1+53*/C)+ 8153 ey >/ C(1+8))]+ My sy D /C(14+8,)=0 .
From Eq. (45) it is straightforward but tedious to maximize Mz and My, with respect to 8, and 8, for
fixed C. The results

172 172
Mzsyew (C+sp*)NC +ew*) splew?—C
(Mz, )max= (52w’ —C)\72 1+ C cl\2 ’
c\2
My Jmax=Mpy |1+
Wy /ma w (C +SW4)1/2+SW2

are shown in Figs. 1 and 2 as a function of C. For C <0.027 the bounds are

Mz <116 GeV, My <89 GeV . 47)

As C goes to zero, the mass limits approach the standard-model values. The values in Eq. (47) should be
compared with the mass M, =88.5 GeV of the standard model before radiative corrections.'?

200 ——
200 T T

i Mzz(a le(mox) i - 1
g | ’ 3 | Mo om ’
< 150 - 9 150 W Wi (max)
@ »
& - a
= = i

| M, 100}~ i

100} 1{max) 4 i th(max)
1 1 1 1 1 1 | | A . | ) . | |
Y oor 00z 003 004 0 0.0l 002 0.03 004
Y c

FIG. 1. Upper bound on the lightest Z mass versus
the coefficient C of the ( jﬁM )? term in the effective
Lagranian at low Q% Also shown is the value of M,

required to achieve (M,  Jmax-

FIG. 2. Upper bound on the lightest W mass versus
C. Also shown is the value of M w, required to achieve
2 (M W1 )max-
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V. PHENOMENOLOGY

In this section we examine the experimental implications of the model when all Z bosons have masses
above that of the standard model. We use M. z,» Mz,, and Mz_as the three free parameters of the model.

For the doublets (v,e) and (u,d), the charged-current Hamiltonian is

1 _
H cc=~—=[Wu(1—ys)e + v, (1—ys)d.]1 X, N; WL ) (48)
2V2 e
where N| and N, are given in Eq. (31). The quantity d is the Cabibbo-rotated combination

dc=d cosOc+s sinfc. The neutral-current Hamiltonian is

Hne= 3, @b+ ys¥InZy, , (49)
i=1,2
where n and n, are given in Eq. (26) and

gyW=7, giM=—7, gHe)=—F+a;, gile)=7,
i 1 2 i 1 i 1 1 i 1 (50)
gyl =75—3a;, galw=—7, gyld)=—7+5a;, g4ld)=7.

The quantity «; is defined in Eq. (38). The couplings of successive generations of known quark or lepton
doublets are identical to those of Egs. (48)—(50).
A. Decay widths and branching fractions

The partial widths for fermion-antifermion decays of the weak bosons are

2

£ cN; 172 2.2 2 1 (m®+my?) 1 (m®—my?)?
. —_ , 1L 1 ’
LW, —f1f2) WMy, MMy 2om e 1= == 2 Myt
. (51)
I‘(Z._,ff)__ﬂi_kl/z(M 2 12 m2) ( i)z 14 2m? i '.)2 1 4m?
l - 12mMz, ar & MZ,~2 & M22!i ,

where c is the color factor and Mx,y,z):xz-i- y2422—2xy —2xz —2yz. In addition, the Z, or W, may de-
cay into lighter gauge particles via a ZWW vertex if kinematically allowed. These partial widths are
A2y my2m,2)
2

2
I'(a—bc)= f

F) (mgB+mpt+m 8+ 8m,my % +8m, m %+ 8m;,’m >+ 8m, om,?
1927 mg"mym,

+8m,5m >+ 8m my % —18m,*my* —18m, *m *— 18my*m,*

—32my*my*m —32my m m 2 —32m *m,*my?) (52)

where a, b, and ¢ are the gauge particles involved and f is the appropriate vertex factor taken from Eq. (40).
In estimating these widths, we assume six flavors of leptons and quarks and use the masses m,=1.79,

m, =0, my=my=0.3, m;=0.5, m.=1.5, m; =4.7, and m, =30 GeV. The results are fairly insensitive to
the value of m,. In Fig. 3 we show representative Z widths for the choices M. z,=173 GeV and

Mz =Mz +2 GeV for a range of Z| masses around and above the standard Z mass. Figure 4 shows W
widths for My, =168 GeV and M w, =My, +5 GeV. The widths are not appreciably different for other
values of Mz . The large width of the Z, at lower values of M, , is caused principally by the decay
Z,—W W,. The Z, branching fractions are generally close to the standard-model values for Z, masses in
the allowed range.
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!

L 1 l 1
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1
20 100
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FIG. 3. Total decay widths of the Z, and Z, gauge FIG. 4. Representative total decay widths of the W,
bosons for representative masses. and W, gauge bosons.

B. Predictions for ete ™ —pu*tu~

The reaction e *e ~—pu*u™ provides a test of the standard model and places restrictions on the parame-
ters of any expanded theory. At low energies s << M 12 the cross section becomes

- —\_ 4ma? 4Gps .
olete~—p*tp~)= 3;’ 1~Viﬂa[c+<$_smzew>2] : (53)

The latest results from PETRA at V's <36 GeV give the limit C <0.027 at the 95% confidence level.!!
Predictions for the e e "—pu*u ™ total cross section and integrated forward-backward asymmetry are
shown in Fig. 5 for an example with M, ,>Mz. Current measurements!! of the asymmetry

A(ete~—pu*p™) at average V's =33 GeV are compatible with the standard model but do not rule out al-
ternatives. It is also possible to have a model different from the standard model yet with M z,=Mz. In

that case, it can be shown that 73 GeV <M w, <80 GeV for C <0.027. In Fig. 6, we show the integrated
resonance contributions above background at the Z; for M. z,=Mz, M 22=200 GeV and a range of values
for M. z,- The standard-model results are at the left end of the curve where M. z, =M. The relevant cross
section formulas can be found in Ref. 4.

C. Predictions for e te ~—q7

Another process available for study in electron-positron annihilation is e *e ~—gg7— hadrons. For
s<<M z,.2, the ratio

R=olete™—v,Z;—qq)/olete " —y—utu™)
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can be expressed as'3

2

ZGF ‘/EGF a
- 2 2 = 54
R 3§Qf + 65 = V+3s Tora w1 — | (54)
where Qf is the quark charge and
V=16gy(e) 30s8v(f), W=256[gy(e)*+g,4(el’1Z[er(/)+84(N], (55)
f f

and the sum is over the quark flavors which can be produced. The factor 1+ag /7 represents the first-order
QCD correction. Using the effective Hamiltonian of Egs. (19) and (21), we find, for five flavors,

_1r_ 2_ 4_
V=5[(—21+128s;2—176s5*) —176C] , 56)

W=+ [(2—8sp>+ 1653*)(90— 16855 + 17655 4+ 16(1 — 453,2)(42 — 885,%)(42 — 885,,2)C +-2816C7] .
Interpreting results on ¥ and W from hadron production at PETRA,'*!5 we obtain the limit C <0.016 at
the 95% confidence level for sin’6y, =0.23. This translates via Eq. (46) into the limits (Mz )max=108 and
(M Jmax=287 GeV. Figure 7 shows the allowed region for ¥ and W at 68% C.L.!* The predictions of an
effective Hamiltonian with a C term are given by the segmented curve.

D. Drell-Yan production

In hadron-hadron collisions, quark-antiquark annihilations can produce Z bosons, which can then be
detected by muon pair production. The relevant cross section for g annihilation is

2
a(q¢7—>u+u_)=—2'::—7r(|H_|2+|H+|2+IH'+ 124 |H_|), (57)
where m is the muon-pair mass, and
o ege’ N n2lgh(n)gi(q) +8 (n)gi(q)]
* m2 i=1,2 mZ_MZi2+iMZiFZi ’

nlgy(1)gh(q)+gy(q)gs ()]

H' =
* ,'=21,2 mz_MZi2+iMZiFZ,~

Here ¢, is the quark charge in units of e. For the inclusive production cross section AB—p*p~X the
quark cross sections must be folded with the momentum distributions of the quarks in the initial hadrons:

do _ 2% x
dydm 3m

=3 fx ,mIffx_,molggoptu) . (59)
q

The summation is over all quark and antiquark flavors and f; (x,m?) is the fractional momentum distribu-
tion of quark g in particle 4. If y is the rapidity of the muon pair and s =(p, +pp)? is the c.m. energy
squared, then x, =(m /V's Jexp(+y). We use the QCD parametrization of Owens and Reya'® for the parton
distributions. Figure 8 shows the dimuon mass distribution at y=0 in pp—>u*u~X at Vs =540 GeV for
the case Mz =106, Mz,=173, and Mz =108 GeV.

-
VI. NATURAL EXTENSION TO U(1) X SU(2)¥ low-energy predictions of the standard model.

With a symmetry assumption about couplings and

In this section we consider a U(1)xXSU(2)¥ gen- vacuum expectation values, we also show that the

eralization of our two-W, two-Z model. We show maximum allowed values of the lightest W and Z

that these extended models naturally reproduce the for the gauge group U(1) XSU(2)" are the same as
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FIG. 5. Predictions of the 2W, 2Z model in
ete~—putu~ for R“+”_=a(e+e‘—>y‘,Zl,Zz
—ptpT)/ olete~—y*—putu~) versus Vs, and the
integrated forward-backward asymmetry parameter A
versus V’s. Parameters are based on masses M, z,= 106

GeV, Mzc =108 GeV, and Mzz= 173 GeV.

the corresponding limits for U(1) X SU(2)N ~1, with
N >3. Then the limits (M )pax and (Mz )yay de-

rived in Sec. IV for the case N =2 are also upper
bounds for an extended model of this type, regard-
less of the value of N. ‘

Let the extended gauge group U(1)xSUQ)V
have the couphngs 80, & and gauge bosons B,
w3 with i=1,...,N. Note that this labeling of
couplings to the groups differs from that in previ-
ous sections. The known fermions are assumed to
couple only to U(1) and the first SU(2). Higgs
doublets couple the U(1) and any one of the SU(2)
groups; Higgs quartets couple any two SU(2)’s.

We allow the most general Higgs doublet and
quartet structure, with v;; denoting the vacuum ex-
pectation value for the Higgs field coupling to the
ith and jth groups, i,j =0,...,N and i54j. For the
electric charge to be given by Q= Y/2+2T3,, the
photon must be of the form

A-g—3+2g w2, (60)
0 i

200 T T
fom o M, =88.7 GeV A
8ok e’e”—hadrons z, ]
- Mz,=200. GeV 4
; 160 _
3 L i
o l4of 4
S - .
120 4

100 L

[dBolee—~2Z,~X)
q

90 95 IOIO 105
M (Gev)

FIG. 6. Integrated Z,-resonance contributions
fd\/g olete™—Z,—X) versus Mzc for le =M,
Mz, =200 GeV.

where

=g+ 3g 2. (61)

The photon is given mass A by adding to each ele-
ment in the neutral boson mass-squared matrix
(#2%); a term A%?/g;g;.° The resulting sym-
metric matrix may then be written in component
form as

2
('/”Zz)ii_ zglzzvlk +— }\ 2 Ogi,kSN ’

kB (62)
2 1 2 }\,282 ..
(M 7%)j=—788vij"+——, 0<i,j<N.
8i8;

The charged-boson mass-squared matrix .# 2 is
identical to .# ;2 without the row and column
corresponding to the B boson, after setting A=0.
The charge-current interaction
272 i PWE + H.c. leads to the effective low-
energy interaction —g1 wiwir ), where
(W{W7T )=(#w %)y The neutral-current in-
teraction go(]#M —1(3) )B, +g,](3l)W(3’ gives the
effective low-energy interaction 5 a[(j Ju —bjy, EM)2
+ C(]“M )?], where
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a=go’(BB)—2g0g {BW ) 48, X WPw ), g X WiWT )=a=g,(BB)—2gog:{BW")
ab =go2(BB) —gog,{(BW?) | +g, X WPIWPY , (63)

and in the limit A=0, where the individual terms in

, Eq. (63) can be written as { W{ Wi )=(#y ")y,
a(b?+C)=go’(BB)—e’/\? (BB) =(M 7 )0, (BW Y =(M 5 )y, and
(WPWPy=(#,72),,. Note that
(M ~?);;=Cof[ (#*);;]1/Det(.4?), where Cof
denotes the cofactor of a given element in a matrix
and Det the determinant. We first expand
Det(.# z?) in powers of A%

(see Ref. 5). To establish that the effective
strengths of the charged- and neutral-current in-
teractions are naturally the same as in the standard

model, we must show that
]

Det(.# ) =A%?3, ——Cof[ (A 7);(A=0)]+O0(A*) . (64)
i,j 8i8j

It is not difficult to show that

8i&j Cof[(# 2%);j(A=0)1=go*Cof [(A 7*)o(A=0)] =g Det(A y*)
for all values of i and j. Then Egs. (64) and (61) yield

2y_ 32,2, 2 2 11 Mg 2
Det(-///z )=A% 8o Det(./%z )2_‘_2_2‘—: 2 Det(./ﬁz ). (65)
ij 8 & e
The right side of Eq. (63) can now be expressed as
)
e 2 2 2 2 2
g=—- Cof[(A 77)p0] —2 Cof [( A 7°)01]+81°Cof[ (A z°) . (66)
A2goDet( A ) {80°Cof [(A 7°)00] — 28081 CoAT(A 27)01]+81"Cof[ (A 2*)11]}

In each cofactor term, the piece independent of A is equal to go’Det(.# ?) and thus cancels in the expres-
sion for a. Each cofactor in Eq. (66) is a determinant of an N X N submatrix of .# 22, where each element

T T T T 1 J
-2
o ————
68% C.L. | ] Z PP—=Z; = X
[ i 4% /5=540GeV ]

6|
T

Z;

o

3,

(do-/dydm)y=0 (nb/GeV nucleon)

10 s-Mleloe Gev 4 .
F Mz,=173 GeV A ]
C ) ] 1 [ [ Mz =108 Gev
-1 o 1 T N S
50 100 150 200

FIG. 7. Domain of ¥ and W in Eq. (56) for m () (Gev)

e e~ —hadrons; allowed region from data of Ref. 14

lies within the elliptical boundary. The segmented curve FIG. 8. Predictions for the cross section do/dy dm at
gives the predictions for an effective Hamiltonian with a =0 versus m of the Drell-Yan muon pair production

C parameter in the range 0< C <0.05. process for pp colliding beams at Vs =540 GeV.
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in the submatrix has a A2 term. Therefore, each cofactor yields N2 terms of order A%, analogously to the re-
sult for Det(.# ) in Eq. (64). It can be shown that Eq. (66) reduces to

2Cof[(.///W2)“]

67
Dct(./l W2) ( )

a=g
The derivation of Eq. (67) is given in the Appendix. From (W{ W )=(y ~?);; we see that the natural-
ness condition of Eq. (63) is satisfied.
We now show that with the symmetry conditions of Eq. (70) below (M )ay and (Mz )yax are the same
for U(1) X SUQ)" as for U(1) xSU(2)Y ~! when N >3. Consider the matrix .# ; of Eq. (62). By applying
the rotation in (W5 |, WS?)) space given by the matrix

1-

1 cosf@ —sinf (68)

cosf sinf

to # z*, and setting tand= —gy /gy _1, the rotated (symmetric) neutral-boson mass-squared matrix elements
(.///ZZ);-,- =(AM ;'R T),-j for the Nth row are

rggh it |y v 2=y \ 2| fori=N, 0<j<N -2,
8N 8N -1
(69)
1 2 &N 2 2 EN—1 2 2 . .
28N -1 P l(voyN_] + +UN-—2,N—1 )— N (UO,N + - +UN—2,N ) fOI'l=N,_]=N—1 )

where g _1 " 2=gy_1" 2+ gn>. This transformation does not change G, sin’0y, or C since they are calcu-
lated from (4 7 ~%)gg, (M 7™ *)o1, (M z);; and these elements are not affected by the rotation. We now
make the assumption that (Mz )max has a symmetric solution such that

8N-1=8Nn> V,N_1=VjnN, J=0,1,...,N =2, (70)

where N —1,N is some pair chosen arbitrarily from the set {2,...,N}. Using Eq. (70), we see that all ele-
ments in the Nth row and column of the (.# %)’ matrix become zero except for (.#%)yy. This corresponds
to the case in which one Z decouples from the other Z bosons and from the known fermions. Hence the e,
Gp, sinZOW, and C calculated from the remaining submatrix are the same as for the full matrix. A similar
statement holds for the charged bosons. For such symmetric sets of parameters, the upper bounds on the
lightest weak-boson masses are the same for all values of N >2.

In numerical evaluations of the N=3 case with C <0.04, we found that (.# z,)max can be at most 3%

higher than the upper bound for N=2. Thus it seems likely that (.# z, Jmax and (# w )max are not appreci-
ably higher than the values in Eq. (46), if N is not too large.

[
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Here we outline the proof of Eq. (67). We begin
by writing the cofactors in Eq. (66) as
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with a, B either 0 or 1. The matrices C%f are
given by Eq. (62) as

A%e? .
% 2 vikz + 4 1 =J ’
ki 8i
(Caﬂ)ij = . 2.2 (A2)

A%e

2 .y s

— v+ s IFT
27y gizgj2

where i,j go from O to N with the row i =a and
the column j =f excluded. The expression for a
in Eq. (66) becomes

2

T
PR L L (A3)
)»Dct(.//lW )

where

@=Det(C®)+2Det(C°")+Det(C!') .  (A4)

It is convenient to define coefficients Dy, such that
a can be written as

G=A%*3 Dyng1 g 2+O0(AY) . (A5)
ILm

Our next task is to determine the D,,. By inspec-
tion of Eq. (A2), we observe that only C!! has a
g0~ * term and hence

Do =Cof[(CM)gp] (A6)

evaluated at A=0. Identifying terms with

8028, % in Eq. (A2), we determine that for A=0,

Dy, =2 Cof[(C'1)p,]14+2 Cof[(C%M)yp] . (A7)

The factor of 2 in front of Cof[(C!!)y,] includes
the contribution from Cof[(C!!),y]. In deter-
minant form, all rows of Cof[(C!!),,] and
Cof[(C®"),0] are identical except the first; there-
fore, we can combine the two determinants by add-
ing the top rows. In the resulting determinant for
Dy,, we now add all other rows to the first row.
The result is identical to the determinant form of
2Dyy. Similar manipulations can be used to show
more generally that

Dy=Dy ,

(A8B)
Dlm=2D00’ lim ’
for any /. Hence a@ of Eq. (A5) becomes
2
a=ADye’ | 387>
1
=A’Dy,/e?* . (A9)

Combining Egs. (A3), (A6), and (A9), we obtain

glz"’gN2

= Cof[(CM)ge] . (A10)
= Detay O ol

By reference to Eqs. (A2) and (59), we conclude
that

o= 81 2Cof [ (A )]
Det(.///WZ)

(A11)
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