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We examine the possibilities for two extra Z bosons in Eg electroweak models, assuming elec-
troweak symmetry breaking occurs via the 27 representation of Eg, as required by superstring
theories. We compare scenarios where Eg is broken to a rank-6 or rank-5 group, and discuss means

by which the different models may be distinguished.

I. INTRODUCTION

Recent work on superstring theories!? indicates that
the Eg X Eg superstring theory in 10 dimensions may yield,
after compactification, a four-dimensional E¢ gauge group
of the strong and electroweak interactions coupling to
N=1 supergravity. The E4 group may then be broken to
either a rank-5 or rank-6 subgroup.® If E4 is broken to a
rank-5 group, the resulting additional U(1) is uniquely
specified. This possibility has been discussed at length in
the literature.*> When Eg is broken to a rank-6 group
there are two additional U(1) groups which in principle
can lead to two extra Z bosons at the electroweak scale.
Special cases when one of these extra Z bosons is accessi-
ble to present and planned high-energy experiments have
been studied before.®— !4

In this paper we consider the rank-6 breakdown
E¢—S0O(10) X U(1),—SU(5) X U(1)y X U(1)y, where SU(5)
contains the usual SU(3), XSU(2); XU(1)y. We examine
the possibilities for two experimentally accessible extra Z
bosons in Eg, assuming that electroweak symmetry break-
ing occurs via the 27 representation, as required by super-
string theories. The allowable models may be classified by
the size of the two SU(2), singlet scalar vacuum expecta-
tion values (VEV’s) in the 27, relative to the standard elec-
troweak scale. If both singlet VEV’s are large, then both
extra Z bosons will have a mass above ~400 GeV and
they do not mix appreciably with the standard Z. Their
interactions with fermions are also somewhat constrained.
If only one singlet VEV is large, then one extra Z will be
heavy and one will be light and may mix with the stan-
dard Z; the particular combination of U(1)y and U(1),
which is lighter is determined uniquely. If neither singlet
VEV is large, then all three Z bosons may be of compar-
able mass and could mix. We will examine in detail the
cases in which at least one singlet VEV is large and look
at some possibilities in which they are not. We compare
the rank-6 scenarios with the special case in which Eg
breaks down to a rank-5 group, and discuss means by
which the various models may be distinguished. For at
least one large singlet VEV (i.e., at least one high-mass ex-
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tra Z), the rank-6 scenario is not reducible to the rank-5
case. '

The paper is organized as follows. In Sec. II we discuss
possible theoretical constraints on the VEV’s. In Sec. III
we present the mass matrix and Lagrangian. In Sec. IV
we discuss the cases outlined above. In Sec. V we examine
how the cases may be experimentally distinguished. We
summarize our results in Sec. VI. In the Appendix we
derive some constraints on the Z-boson masses and mix-
ing.

II. CONSTRAINTS FROM SPECIFIC MODELS

Compactification of EgXX Eg on a Calabi-Yau manifold
K which js not simply connected, but obtained from a
covering K with a discrete symmetry group G: K =K /G,
leads to E¢ broken by the Wilson loop mechanism. This
low-energy group can be a rank-5 group depending on
whether the discrete group G is Abelian or non-Abelian.?
The chiral matter multiplets arise from zero modes of the
Eg gauge supermultiplet when compactified. In general
there will be some number of 27-dimensional representa-
tions and some number & of the paired subsets of states
from the 27+ 27 representations, which depend on the de-
tails of the Wilson-line symmetry breaking.>!> The Higgs
fields that acquire vacuum expectation values and break
the low-energy group further to SU(3), X U(1),, are either
the superpartners of the chiral 27 multiplets or arise from
27+ 27 representations. The transformation properties of
the neutral components of the 27 that can acquire VEV’s
are listed in Table I; an equivalent mass matrix would be
obtained from 27 contributions. Note that if §=0, and
Higgs fields arise only from chiral 27 multiplets, we
would have to require v;=(%,)=0 from lepton-number
conservation. We shall, however, be more general in this
paper and allow for paired subsets of 27,27 representa-
tions with quantum numbers of ¥, (or ¥,) to have a non-
vanishing VEV. Thus there are three VEV’s with I, = —;—;
vy, Uy, and v;. In order to break the rank-6 group all the
way to SU(@3),xXU(1l),, we must further require two
I3;; =0VEV’s:
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TABLE 1. Vacuum expectation values and quantum numbers for the neutral scalars in the 27 repre-

sentation.
Notation of
Refs. 5 and 16 for
VEV SO(10) SU(5) Iy 0y Oy rank-5 model
(¥, ) =v, 16 5* - (517 ()17 (v)=0
(Vg)=v, 10 5* 5 — ()2 ()17 (H)y=v
(Ng)=u, 10* 5* + ()12 (+)\2 (H)=v
(Ne)=x, 16 1 0 ()17 ()12 (+)=0
()=X, 1 1 0 (42)12 0 (N)=x

X1 =(N)#0, X,=(n)+#0.

An argument has recently been presented that while
X,<1 TeV, X; must be zero or vanishingly small.!® In a
rank-5 scenario X540 results in a broken global symmetry
leading to a Goldstone boson (ay) coupled to the diver-
gence of the B —L current. Further, X ;540 also leads to a
mixing between the h quark (—+ charge isosinglet of the
27 representation) and the d quark through a term in the
superpotential of the type (allowed by E invariance)

Aijk dicthlf ,

where i, j, and k refer to generation indices. This cou-
pling causes flavor-changing currents to raise in the
neutral-current sector, and results in K+ —7%ay decay.
Present bounds on the absence of this decay lead to a limit
X1 <40 keV. This argument implies that X;=~O0 in the
rank-5 scenario and X,70 then breaks the group to the
standard model. On the other hand, in a rank-6 scenario,
X150 does not lead to a Goldstone boson because the ad-
ditional gauge boson absorbs this degree of freedom in
becoming massive through the Higgs mechanism.
Nevertheless an argument has been advanced that the
field N°€ still does not develop a VEV in the rank-6
scenario but for a different reason. Since there is no
linear term in the field N€ in the superpotential arising
from 27° terms, in order to develop VEV the potential
should contain a mass term for N € with m N‘2 <0. Such a
term can be induced from renormalization-group scaling
from a Yukawa coupling provided its strength exceeds the
U(1)p _; gauge coupling which tends to drive the mass in
the opposite direction. The only Yukawa terms in the su-
perpotential involving N€ are

gijkLi(Z)L_;“N]i +}\,,'jkhkdch,€ .

where L,=(vg,E) doublet and L, =(v,,e) doublet. Then
8ijk is expected to be quite small (g ~ 10~?), for this term
gives Dirac mass to the neutrinos. The term A; (Ni)
causes mixings between h; and d; quarks. This mixing
leads to an off-diagonal quark coupling to Z (and other
neutral gauge bosons) and is constrained by experiments.
The present bounds which arise mostly from the K system
are most restrictive for the first generation and imply A’s
involving light quarks < —. However, such mixing con-
straints are weak for heavy-quark sectors, where A =~ 1 can
easily be tolerated. It is not unusual for Yukawa cou-

plings to show intergenerational differences, as, for exam-
ple, those causing the difference between quark masses.
Thus we can assume that X0 can be driven by a suffi-
ciently strong Yukawa coupling. Another possibility is
for N€ to couple to 27’s from (27,27) multiplets. There
are no restrictions on these couplings. Unless one assumes
that all A’s are of the same magnitude, there is no compel-
ling phenomenological reason to exclude a rank-6 group.
In our discussion we shall assume that the X; are arbitrary
but less than about 1 TeV.

III. MASS MATRIX AND LAGRANGIAN

The quantum numbers and VEV’s for the neutral sca-
lars in the 27 are listed in Table I. The resulting Z-boson
mass-squared matrix in the Z,Z,Zy basis is

A VxwB VxyD

.ﬂzzzgzz \/E/B XWC XWE N (1)
VxwD xywE xwF

where for the 27 representation

1 2 2 2y 1.2
=5 "+v, v )=50",

B =(3)"22v,2=2v,2+v5?) ,

C =55 (47 +4vy +v32 +X P+ 16X,7)
D :%(21}3—}—2022——31’32) ,

E=17(3)"(4v,7 —4v> =302+ 5X,7)

=1 (40,2 4+ 40,24+ 90,2+ 25X %) .

Here gy =e/[xp(1—xy)]""? and x, =sin’0y,.. In our

calculations we will assume xp =0.23. Equation (1) as-
sumes that the evolution of all U(1) couplings from the
grand unification scale to My, is the same up to normali-
zation constants. In the limit of one charged W boson at
the electroweak scale

8Gp |~
V2

where M, is the standard-model Z mass. The neutral-
current Lagrangian is

M 2
-—=, (3)
8z

A=
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LNne=8zULZ,+V xwiYZ yu +V XwikZxy) , 4

where j4=v¥;Q4v,¥r with A=Z,,X. For the Z
current, Qz=I3;; —xyQ. The Q, and Qy for neutral
leptons are given in Table I; for the electron the values are
Qy(e)=04(e)=(5p)"2%, Qyle)=—(5)""? and Qyle®)
=(57)"2 The Q values for quarks can be found in Ref.
8. The effective low-energy neutral-current Lagrangian is

4Gp | ) ) .
L= —‘/—i(puZ2+sz¢2+pyx2+wZ1¢

+Majzix +Mugix) s (5)

where
p1=A(CF—E*/H, n,=A(DE —BF)/H ,
p=A(AF —D*/H, n,=A(BE —CD)/H ,
p3=A(AC —B*)/H, m3=A(BD —AE)/H ,
H =ACF — AE*>+2BDE —CD*—B*F .

(6)

From Egs. (2) and (3) we see that the v;, which come
from SU(2), doublets, are constrained by the usual elec-
troweak symmetry-breaking scale; the X;, which come
from SU(2), singlets, are not. We will examine the four
possible cases whether the X; are large with respect to v,
or not; for our purposes large X; means that the v; may be
ignored in the Z,-Z; sector.

As we will see below, the extra Z bosons must be
heavier than the Z,, which is predominantly made up of
the standard Z. This at least requires that the diagonal
elements xuC and xyF in Eq. (1) be greater than A.
Then from Eq. (2) it can be deduced that if the X; are not
large, they must at least satisfy X; > v.

In the following we will use the convenient notation

| Z(a))=cosa | Z,)+sina|Zy) ,

. (7
| Z'(a))=—sina | Zy) +cosa | Zy ) ,

for the two linearly independent extra Z bosons, and will
denote the mass eigenstates as Z,,Z,,Z3.

IV. Z-BOSON SCENARIOS

Case 1. X; and X, large. In this case the standard Z
essentially does not mix with the extra Z bosons; Z,=Z.
The remaining mass eigenstates are Z,=Z(a) and

tan2a=v15/(8X,2/X*—7) . (8)

The Z,,Z; masses are
AMZMZ=%,aO‘XWAMz2
XAX2HXATLO 2= X2 X X2 /411 2 /o
(9)

The relation of Mz, /M7, to the angle a is

My 2 cosa 4+ V' 15sina cosa (10)
Mz, V'15cosa —sina sina |’

By defining Mz, <Mz, as above, it can be shown that the
allowed range for a is restricted to

—V15/4<cosa<0 . (11)

Figure 1 shows Mz /Mz vs cosa. The maximum value
of (£)!/2 occurs at cosa=—(3)!/2, so that Z, and Z,
cannot be degenerate in mass in this scenario. Note that
the lower-mass state Z, can never be the same as the
rank-5 Z, for which cosa=(3)"/% If we require that
X;2>25v% for this approximation to be good, we find
Mz,>400 GeV. The low-energy parameters are p1=1;
P2P3:71,M2M3 << 1, so that the low-energy effective La-
grangian is nearly the same as the standard one.

Case 2. X, large. In this case Z;=Z'(a) with
cosa= —V'15/4 in Eq. (7). The Z; is much heavier than
Z,,Z, with mass

Mz3=(40xw/9)1/2(X1/v)Mz

and does not mix. The remaining extra Z boson Z(a)
may mix with the standard Z:

|Z,)=cos@|Z)+sinb|Z(a)) ,
|Z,)=—sin|Z)+cosb | Z(a)) ,

(12)

0.8 T T 1 T | T T T T
0.6 —
case |
"
N
=
~, 041 .
N
=
0.2F —
0O [ SO S SR N T S N
-1.0 -0.5 (0]
cos a

FIG. 1. The ratio MZZ/MZ3 vs cosa when both singlet
VEV’s are large (case 1).
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and the Z,Z, masses are determined by

Mz 2+ Mz P =Mz [14xp(4+ 50,2 /02 + 25X, /v?) /6] ,
(13)

Mz "Mz} =Mz*25xy[v,7(1—0,2/v?) /02 + X2 /02] /6 .

There are two free parameters in the Z,-Z, sector which
we take to be Mz, and 6; M z, is related to Mz, and 6 by

tan’0=(Mz *—Mz*)/(Mz*— M ?) . (14)

The condition that M z, must be close to the standard Z

mass Mz, as required by direct measurements at the
CERN pp collider,!” is depicted in Fig. 2(a). The allowed
region in M7 -6 parameter space is shown for various

values of Mz,. We note that Mz <M, for Mz, >Myg,
with the limit Mz — M occurring for 6—0 (which does
not necessarily require Mz — o). Also shown in Fig.

2(a) are the constraints from the Higgs structure, which
are derived in the Appendix, and the limits from a 90%-
C.L. fit to low-energy neutral-current data. The fitting
procedure has been described before;* we varied the two
parameters Mz and 6 with xy =0.23 fixed. The low-

energy parameters in this approximation are
p1=Mz* Mz *+Mz>—M;* /(M *M;?),
p2=15p3=—VI5m3=xpyM;*/(16M *M; ?), (15)
m=—V15n,
=(15xy)!*tan20M >
X(Mz2+Mz,»—2Mz%) /(8M7 *M ?) .

Case 3. X, large. This is very similar to case 2, except
that cosa=0 and the replacements v,<>v;, X;<>X,, and
60— — 6 must be made in Eqgs. (12)—(14). The allowed re-
gions in Mz -0 parameter space are shown in Fig. 2(b).

300

200

MZz (Gev)

100E.

FIG. 2. Allowed regions in MZZ-G parameter space for
models for Z-Z(a) mixing: (a) cosa= —V'15/4 (case 2), (b)

cosa=0 (case 3), (c) cosa=V'5/8 (rank 5), assuming x, =0.23.
The constraints are a 27 representation for the Higgs bosons

(below solid curves), a two-parameter (MZZ,B) 90%-C.L. fit to
low-energy neutral-current data (inside dotted region), the close-
ness of the Z, to the standard-model value, with M. z, =0.98M,
(below dash-dotted curves) and MZI=O.998MZ (below dashed
curves), and the limit from Z searches at the CERN pp collider

with only the usual fermions contributing to Z, decay (above
dash-dot-dot curve).

The low-energy parameters are
Px=M22(M212+M222—M22)/(Mz]zMzzz) )
P3=xWMz4/(M212M222) ,

M=V xptan260M,?
X(Mz *+Mz ' —2M7%) /(2M7 *M7 ),

PN M3 << 1 >

which can be obtained from Eq. (15) by rotating a from
cosa=—V'15/4 to cosa=0.

Case 4. Neither X; nor X, large. In this case all the
VEV’s may be of comparable size and no Z boson is ex-
tremely heavy; considerable mixing is possible. On the
other hand, if the standard Z mixes appreciably with the
other Z bosons then it will be shifted away from its stan-
dard mass value unless the masses are approximately de-
generate. Although an extra Z boson with a mass near
the standard Z mass is not ruled out by the search at the
CERN pp collider—its branching ratio to lepton pairs
could be suppressed by decays to exotic fermions—the
lower limit on Z(a) or Z’'(a) is roughly 150 GeV when
the extra Z decays primarily into known fermions.*® For
simplicity we will examine the situation in the limit of no
mixing between the Z and extra Z bosons. In this limit
B—0, D—0, which implies v,2=v;*=2v,2=20%/5 and
Z,=Z. The extra Z bosons are Z,=Z(a) and
Z3=2"'(a) as given by Eq. (7) with

V155X, /v?—2)

tan2a = (17)
40X, /v2—35X2/v?—2

and the Z,,Z; masses are determined by

Mz +Mz ] =5xwMz* (245X /v? + 5,2 /v?)

(18)
Mz, *Mz > =55 xy Mz*(4+ 30X /02 430X, /02

+125X,.2x,2 /vty .

Contours of Mz3 are shown in Fig. 3 versus M22 and
cosa assuming Mz, <Mz, as well as constraints from

neutral-current data and Z searches. If we require
MZ2 > Mz, as suggested by Z searches at the CERN pp

collider, it is not hard to show that « is constrained to lie
in the same range as case 1 [Eq. (11)]. Numerical studies
of the mass matrix defined by Egs. (1) and (2) show that if
M z, is constrained to be close to M, and MZ2 > 150 GeV,

then Z mixing is small. Thus we feel that the no-mixing
limit properly exemplifies this class of models.

Case 5. Rank 5. For E¢ breaking to a rank-5 group,
the particular combination of U(1), and U(1), which be-
comes the extra U(l) is uniquely determined with
cosa=(3)""2 in Eq. (7). The extra Z boson Z(a) may
mix with the standard Z [Eq. (12)] with the Z-Z (a) mix-
ing angle 0 given by Eq. (14). The mass matrix has been
given before in the literature;*> the allowed M z,-6 param-
eter space is given in Fig. 2(c). If the Z, becomes heavy
(>400 GeV), Z-Z (a) mixing becomes negligible.

Comparing with Eq. (11) we see that in the limit that at
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400 T T T ] T T T 1

300

MZZ (GeV)

200

100

-1.0
cosa
FIG. 3. Contours of Z; mass vs Mz2 and cosa when neither

X1 or X, is large and the standard Z does not mix (case 4). Also
shown are bounds on M z, from low-energy neutral-current data
(above dotted curve), and from Z, searches at the CERN pp
collider with no (ng=0) or all (ng=3) exotic fermions contri-
buting to Z, decay (above dash-dotted, dashed curves, respec-
tively).

least one X; is large, the rank-5 and rank-6 scenarios are
distinct. Thus when Eg is broken at the electroweak scale
by the 27, if at least one extra Z is significantly heavier
than the standard Z (M232400 GeV), then the rank-5

scenario may be distinguished from the various rank-6
scenarios by its couplings to fermions, which depend on a.
We now examine this in detail. The analysis is somewhat
different depending on whether one of the extra Z bosons
mixes with the standard Z.

V. ANALYSIS

A. No Z-Z (a) mixing (cases 1, 4, and rank-5 scenario)

Nothing can be learned from the Z,, since it is the
standard one, so we turn to direct production of the extra
Z’s. The total decay rate of Z(a) as a function of a is
given in Fig. 4; the decay branching fractions can be
found in Ref. 8. In all discussions in this section, predic-
tions for Z'(a) can be found from those for the Z (a) by
the transformation a—a+7/2.

Heavy extra Z bosons in cases 1 and 5 are unlikely to
be produced below Superconducting SuperCollider (SSC)
energies since Mz ,Mz >400 GeV. In Fig. 5 we show
the total cross section and lepton pair signal for
pp—Z (@)X at Vs =40 TeV vs cosa for a Z(a) with
masses of 400 and 800 GeV. Case 1 is restricted to the re-
gion —V'15/4 < cosa <0, whereas a heavy Z(a) in the
rank-5 scenario has cosa=(3)!/2,

In Case 4 M, 2,M z, <400 GeV but there are constraints

1009

0.04

LA B B B B B S

(a) cases 1,4

Ba/ Mza)
o
o
N

0.01

I T S S R S T

|

[}
cosa

1 -30

8 ()

FIG. 4. Total decay width of Z, boson (a) without Z-Z (a)
mixing (cases 1 and 4) and (b) with Z-Z (a) mixing (cases 2 and
3, rank 5).

from low-energy neutral-current data and Z-boson
searches at the CERN pp collider.!” Case 4 restrictions
on a are the same as for case 1 for Mz, > M. Measure-
ments off the Z, resonance may also be useful for placing
restrictions on a Z, which is not too heavy.>*1%12:13 pre.
dictions for the total cross section and lepton-pair signal
for pp—Z (a)X at Vs =2 TeV as a function of a have
been given in Ref. 8.

3 T T T T 1 T 1 T I

| Tema

J/s=40TeV M =0.4 TeV
Z(a)
2| pp—~Z(a)X

0.8 TeV——-—

(pb)

o(Z(a)

|o_1 [ TS NN W A U N N

cos a
‘FIG. 5. Predictions for Z,=Z (a) production in a pp collider
at Vs =40 TeV shown vs cosa in case 1 for M 22=400 and 800

GeV. Predictions for Z; =2Z'(a) production are obtained by the
transformation a—a+t/2.
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B. Z-Z (a) mixing (cases 2, 3, and rank-5 scenario)

The free parameters in these scenarios are Mz, and 6

(we take xp =0.23). For the rank-5 scenario, the limits
from Z searches at the CERN pp collider are important,
but only if one assumes the Z, decays exclusively into the
usual fermions. Figure 6 shows the predicted Z, branch-
ing fractions vs 6. Because the Z mixes in this scenario,
there are also constraints from direct studies of the Z; as
well. Figure 7 shows the predicted cross section at
Vs =630 GeV vs 0 for pp—Z X with Z,—ete ™ decay;
the lo allowed range from UA1 (Ref. 17) is shown for
comparison. The current limits on 6 from all constraints
are approximately —6° <6 <4° (case 2), —3°< 6 < 3° (case
3), and —20° < 6 < 4° (rank 5).

Future precise studies of the Z; at Stanford Linear
Collider (SLC) and CERN LEP can further restrict the
parameters. Figure 8 gives the Z; fermion branching
fractions vs 6. Figure 9 gives the production rate and po-
larization asymmetry in ete "—utu~ on the Z, reso-
nance versus 6. The production rate R, integrated over
the Z | resonance is

olete™—Z,—utu™)

R =
M olete—y* —>ptu T )oEp

pu)? (19)

and the polarization asymmetry on the Z, resonance is

OR—0O v.a
Ap01= & £ = 29 62 > (20)
OR+o0r v.“+a,

where v,,a, are the vector and axial-vector couplings of
the electron to the Z, given by

ve=(—7 +xp)cosf+ +[Q.(e)—Q,(e®)]sind ,

1 1 ) (21)
g, =+cosh++[—Qu(e)— Qgle)]sing .

Here Q,=Qycosa+ Qysina. In Fig. 10 we show v, and
a, for the models with Z-Z (a) mixing, along with limits
from ete~—I/*I~ at SLAC PEP and DESY PETRA
(Ref. 18). Figure 11 shows the downward shift in the
mass of the lowest Z resonance from the standard-model
value as a result of Z-Z (a) mixing. Off-resonance mea-
surements may also yield information on a Z, which is
not too heavy. In Fig. 12 we show the total cross section

[
o

T T T T T T T T T T T T T T T
(a) case 2 (c) rank 5

d

n
o

<}

Z, Branching Fraction (%)

o

FIG. 6. Branching ratios of Z, boson with no exotic fer-
mions contributing to Z, decay (ng=0): (a) case 2, (b) case 3,
and (c) rank S.
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100

(pb)

oB(pp—~Z,)

8 (°)

FIG. 7. Z, production cross section times e *e ~ branching

ratio vs Z-Z () mixing angle 6 at Vs =630 GeV for case 2
(solid curve), case 3 (dash-dotted), rank-5 scenario (dashed), and
the 1o limits measured at UA1 (dotted).

and lepton-pair signal for pp—Z (o)X at Vs =2 TeV vs 0
for various Mz, values for the cases with Z-Z (a) mixing.

With a mass above 400 GeV, the Z, has the same prop-
erties as the Z'(a) of case 1 in the limits cosa= —V'15/4
(case 2) and cosa=0 (case 3), and would probably not be
seen before SSC. The rank-5 case has no Z;.

VI. SUMMARY

We now summarize the results when Eg4 is broken by
the 27 representation. If no extra Z boson has a mass
below about 400 GeV, then both singlet VEV’s are large
and the Z, should behave like the standard-model Z.
Evidence for these heavy Z bosons would probably first
come at a machine such as SSC; they would have different

20—

(c) case 3
0.03 B |
2':‘- ’
N 5 N 5 'ofF J B
o~
N 0.02p§ 22 u
< t, -
F 4 8
E’ e
0.011‘1:1‘: :7:'447‘
4 (d) rank 5
'_E: 20
§ d u
@
N

Z, Branching Fraction (%)

FIG. 8. (a) Total width of Z, in models with Z-Z () mix-
ing; Z, branching ratios vs Z-Z (a) mixing angle 6 for (b) case
2, (c) case 3, and (d) rank-5 case.
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case 2
—-—case 3
- ---—rank 5

EE O I N
g ok = I T ESEN -
-~ o\

& 3 AN

/ = \*__
X

.\\
0.5 1 ] 1 1 1 -05 1 1 1 | 1 ™~
-20 -0 o) 10 =20 -10 o 10

8(°) 8(°)

FIG. 9. (a) Relative production rate R, /R,s,,}'f and (b) polari-
zation asymmetry A,, on Z, resonance vs Z-Z(a) mixing an-
gle 6.

properties in the rank-6 scenario than they would for
rank-5 breaking. If exactly one extra Z boson has a mass
below 400 GeV, then only particular linear combinations
of U(1), and U(l)y are allowed for the extra U(1) in-
volved. There are two possibilities from rank-6 breaking
of E¢ and one from rank-5 breaking. These different
models may be distinguished from each other by the prop-
erties of the extra Z itself, or from its mixing with the
standard Z,which may be determined by a detailed exam-
ination of the Z,. If there are two extra Z bosons with
mass below 400 GeV, then there is more freedom in the
parameters; however, in the limit that the standard Z does
not mix, the couplings of the extra Z’s are somewhat con-
strained.

0.15 T T T | T T T 1T

0.10

0.05

-0.05

-0.10

=0.15
0.20

FIG. 10. Vector and axial-vector couplings of the electron to
the Z, boson in models with Z-Z (a) mixing. The curves show
the variation with the mixing angle for three different models.
The shaded area represents the allowed region at 20 C.L. from
e*te™ data (see Ref. 18).
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FIG. 11. Shift in the lower Z-boson mass value from its stan-
dard model value due to Z-Z (a) mixing with angle 6.

APPENDIX

In this appendix we briefly discuss the procedure for
deriving limits on the Z boson masses and mixing for two
Z bosons, given the Higgs structure of a 2X2 Z-boson-
mass-squared matrix. If the mass-squared matrix has the
form

a b
“//ZZ:MZZ

b ¢ (A1)

in the Z-Z (a) basis, then the rotation to a diagonal basis
Z,-2,,

y4 cos® —sind | |Z1
Z(a) sin@ cosf | |Z, |’ (A2)
leads to the conditions
a =(Mz *cos’0+ Mz *sin’0)/Mz* (A3a)
b=(Mz,*>—Mz *)sind cos8/Mz?, (A3b)
¢ =(Mz *sin’0+ Mz *cos’0) /M 7> . (A3c)

In cases 2 and 3 and for rank-5 breaking a=1 and Eq.
(A3a) gives
Mz =Mz’ +tan’60(Mz>— Mz ?) . (A4)

The limits in M. 22-0 parameter space from the proximity
of the Z, mass to the standard Z mass are easily ob-

(0)/a=2Tev  Mz(@ (b)5=2Tev _Mz(@ () a2 Tev  Mz(@

po—zla) 906V —| " 5 710 200Gev—|| "5 p(a) JSQGV—

300 Gev-~-| 250 Gev~--
\/ L ~or
A ~,
< ~.
- ~
%
- N

S

Z
0%

o(Z(@) (pb)

FIG. 12. Predictions for Z, production in pp collider at
V's =2 TeV for various Z, mass values shown vs Z-Z () mix-
ing angle 0: (a) case 2, (b) case 3, and (c) rank-5 scenario.
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tained.
Also using a=1 we find

b =tan6(Mz>*—Mz *)/M7*
¢ =[Mz*tan’0+Mz,*(1—tan’0)]/Mz> .

(A5a)
(A5b)

Constraints on b and ¢ from the Higgs structure can now
be imposed. For instance, in case 2,

b=1v"xw/6(50,2/v2-2), (A6)

where 0 <v,2<v2 If we choose —7/4<6<m/4 (so that
the Z is predominantly made up of the Z,), then Eqgs.
(A5a) and (A6) imply

—V3xw /2c0t0 <Mz > /Mz*—1
<V'2xy/3cotd for0<O<m/4,

—V2xw 73 | cotf| <My /M —1 (A7)

<V'3xw/2|cotd| for —m/4<60<0.

The constraint from ¢ is not as strong. For case 3, b has

the opposite sign from Eq. (A6) and therefore the allowed

regions are the mirror image in 6 from those in Eq. (A7).
In the rank-5 scenario

b=1vVxw(50,2/v2—1)/3 (A8)
for which the restriction 0 <v,% <v? gives
—4V/xpcotd/3 <Mz */Mz*—1
<V'xycotd/3 for0<O<m/4,
(A9)

—Vxw |cotb | /3<Mz /M7 —1

<4V'xy |cotb| /3 for —m/4<6<0.
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