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The effects of an extra neutral gauge boson Z predicted by the Sp(8) X U(1) model, are studied
both on and off the Z resonance in e e~ collisions. Distinctive features are pointed out.

The family repetition of quarks and leptons strongly
suggests that there should be a larger flavor group than
the familiar SU,(2)XUy(1) group.' Given the six left-
handed quarks and leptons, it would be desirable to in-
clude them in a single, six-dimensional representation 6
of a simple flavor gauge group Gp. There are two obvi-
ous physical constraints on Gg. First, the theory must
not be anomalous. Second, we must be able to embed the
usual SU, (2) in G such that 6—3X2. Out of a few
possible candidates for G, it was shown? that there is a
unique extension of SU;(2)XUy(1) into the anomaly-
free Sp; (6) XUy (1)=Gf. Under Sp, (6), the left-handed
fermions (leptons and quarks) transform like 6, while all
right-handed fermions are singlets. Note that this exten-
sion seems rather natural since Sp(2)~SU(2). A doublet
of Sp,(2) [SU,(2)], for one generation, is readily gen-
eralized to a sextet of Sp,(6), for three generations.
Sp(6) can be naturally broken into [SU(2)]’=SU(2),
X SU(2), X SU(2);, where SU(2); operates on the ith gen-
eration exclusively. Thus, the standard SU,(2) is to be
identified with the diagonal SU(2) subgroup of [SUQ2)]’.
In terms of the SU(2); gauge boson A;, the SU, (2) gauge
bosons are given by A=(1/V3)( A+ A,+ A;). Of the
other orthogonal combinations of A;, it was found that
A’ =(1/V6)( A;+ A,—2A;) has a mass scale bounded
by >1 TeV. They would give rise to interesting physics
at the TeV energy range.’

We turn now to the possible existence of a fourth gen-
eration of fermions. If they exist, G may be generalized
to Sp; (8) X Uy(1) (Ref. 4). In this case, we would have
A=1(A+ A+ A;+ A,). There will again be addi-
tional gauge bosons, the lightest being A
=(1/V12)(A;+ A+ A;—3A,). In this work we will
concentrate on the neutral member, Z. We wish to ana-
lyze the effects of the presence of Z on e te~ collisions,
both on and off the Z resonance.

Several articles have dealt with the effects of an addi-
tional neutral gauge boson in e *e ~ collisions.® In gen-
eral an additional neutral gauge boson, here Z, will mix
with the standard Z, resulting in physical states which
are mixtures of Z and Z. Hence, the physical Z will have
different mass and couplings, which can be revealed as
deviations from the standard-model predictions on and
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off the Z resonance in e te ~ collisions.
With the additional gauge boson Z, the neutral-current
Lagrangian is generalized to contain an additional term

_LNC:ngmAp+gZJ§Zy+gZJ§Zy ’ (1)

where g, =V (1—xy)/3g8,=8/V3, x,=sin’y, and
g =e/sinfy,. In this paper we use x,,=0.23. The neu-
tral currents J, and J; are given by
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where gf=(T;; —2xyQ)y, gh=(Ty );» and gl=g’
=(T;.)s. Here (T;; ), and Q are the third component
of weak isospin and electric charge of fermion f, respec-
tively. Let ¢ denote the mixing angle between Z and Z,
then the physical (mass eigenstates) gauge bosons, denot-
ed by Z, and Z, are given as linear combinations of Z
and Z,

Z, cosd sing Z
Z, —sing cos¢ | |Z |’ “)
and the neutral-current Lagrangian reads
2
—Lnc=8z X Z., (5

S bsvel +84 vy
f

i=1

where g/ and g/ are the vector and axial-vector cou-
plings of fermion f to physical gauge boson Z;, respec-
tively. In the Sp(8) X U(1) model they are given by

1 g7 .
gl 4 == |&f 4 cosp+—=g, ,sind |, (6)
R A 8z
1 . 8z _
giliz,A2 =E _'glg,A Smd’+§g5’”‘ cosé | . (7

The change of the fermions couplings provided by Egs.
(6) and (7) will affect measurements in e *e = collisions.
Among the quantities that are sensitive to this change are
the forward-backward and the left-right asymmetries.
The forward-backward asymmetry Ay is defined by
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where 0 is the angle between the incident electron and the outgoing muon. On the other hand, the left-right asymmetry

is defined by
0 —0p
Ag= ’
o;+op

9)

where o; (o) is the cross section for scattering of a left- (right-) handed electron on an unpolarized positron. With
the fermions couplings provided by Egs. (6) and (7), the general expressions for the above asymmetries are written ex-

plicitly as

3
App=75 |2 s 8584 Red;+ s (85 8%, +8% 87, )8l g4 +g gl IRe(A;A) |, (10
j =1 Sk=1
P,
A= 22g§g,4 Red,; + s 287 8%, (8l gl, +g g4 IRe(A;A0) |, (1
j=1 jk=1
where the superscript f refers to the final-state lepton, P, is the degree of longitudinal polarization of the electron beam,
and
D=1+2 Egvgﬁ Red; + s (g 87, +84 84, el gl, +8% g% IRe(a;AL), (12)
j=1 Jk=1
[
where e e 2
Vs oMy =3 | Eh (14)
AFB( = z, = e 2 e )2 ?
A= s : (13) gy, " +lg4,)

! xw(l—xW)[(s——sz)—HMZJI‘Z]]

here MZ and FZ are the mass and total width of gauge

boson Z respectwely

On the Z, resonance, the cross section is dominated by
the pole in the Z, propagator and the forward-backward
asymmetry is approximated by
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FIG. 1. The forward-backward asymmetry Ay for

ete —putp at Vs :le as a function of the mixing angle ¢.

where e-u-7 universality provided by the Sp(8)xU(1)
model is assumed in deriving Eq. (14). With the same ap-
proximation, the left-right asymmetry on the Z, reso-
nance is given by

e 287,84,
ALR( s =le)=P —-—E‘g“;—)z‘ . (15)
4

gy P+

Alplee—= pu'w)/R

] 1| | ]
O§30 -20 -10 O 10 20 30

P (deg)

FIG. 2. The left-right asymmetry A, /P, fore*e ™ —pu*pu~
at Vs =M as a function of the mixing angle ¢.
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In general, P, depends on the specific e e ™ machine.

For example, at the SLAC Linear Collider (SLC), beams
with polarizations of ~50% will be available. Beam po-
larization at the CERN collider LEP is much less certain.
In Figs. 1 and 2 we present the Sp(8)xU(1) prediction
for Apg and A,z /P, at V's =M , respectively, as func-
tions of the Z-Z mixing angle ¢.

Measurements of the total width and branching frac-
tions into known fermions at the Z, peak provide anoth-
er means of determining the mixing angle ¢. The total
width is defined by

N(Z,—al)=3T(Z,—ff)
!

[(gf ) ,

(16)

where N, is a color factor (N,=3 for quarks and N, =1
for leptons). With Mz =92 GeV, the total width and
branching fractions for Z , are shown, respectively, in
Figs. 3 and 4 as functions of the mixing angle ¢. Figure 4
shows that the branching fractions are less sensitive to
variations in ¢.

The Z, factories, SLC at SLAC and LEP I at CERN,
are proper places to look for the effects of the presence of
Zin e e~ collisions at the Z, peak. They can achieve a
maximum collision energy of 100 GeV and will be opti-
mized to run on the Z, (Ref. 6). With the designed lumi-
nosities they will be capable of providing copious (up to
10° per year) Z, events. This will allow precise, high-
statistics studies on the Z, resonance.

Constraints on the mass and the mixing angle of the
additional neutral gauge bosons can be obtained from ex-
isting data on neutral-current experiments. In spite of
the impressive agreement between the standard
SU(2) X U(1) electroweak model and experiment,’ the ex-
perimental data allow for an extra neutral gauge boson.
In Fig. 5 we present constraints on MZ2 and ¢ obtained

=2 5N,
7

from neutral-current data and from predicted measure-
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FIG. 3. The total width of the Z, gauge boson as a function
of the mixing angle ¢.
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ments of the forward-backward and left-right asym-
metries in e te ™ collisions. We show the 90% C.L. in
the M ZZ-¢ plane that results from a fit to existing data on

parameters involved in neutral-current processes.® The
neutral-current constraints allow large mixing and put a
lower limit on Mz, Mz > 103 GeV. We also show boun-

daries in the M z, ¢ plane expected from measurements of
App and A; g at Vs =M, with 10%, 10°, and 10° Z
The boundaries are almost mdependent of M z, the bend-

ing of the boundaries near the bottom of the graph is due
to the finite-width effects of Mz . With 10° Z; events and

a 1% systematic uncertainty, a measurement of A4, in
the u*u~ channel will confine the mixing angle to within
Ap~=+1°.

Now we would like to extend our investigations and
consider the effects of the presence of Z in regions of en-
ergies off the Z, resonance in e Te ~ collisions. First we
note that the corresponding effects on top of the Z; are
demonstrated in Figs. 1-4 as deviations from the
standard-model predictions. These deviations are sensi-
tive to the Z-Z mixing angle and can be used to probe the
gauge-boson mass via a comparison with the neutral-
current constraints given in Fig. 5. However, it is possible
that there is not much mixing between Z and Z. In this
case, no such deviations will show up on the Z, reso-
nance. But, as we will show, pronounced effects can
show up off the Z, resonance regardless of the value of
the mixing angle. As such, measurements of the
forward-backward and left-right asymmetries off the Z,
resonance provide another means of testing new physics
from the Sp(8) X U(1) model.

In Fig. 6 we consider different values of MZ2 and for

each value we present the expected forward-backward
asymmetry as a function of V's for the minimum and
maximum values of the mixing angle allowed by con-
straints from neutral-current experiments. For compar-
ison, we also present the forward-backward asymmetry
predicted by the standard model. We find a distinctive
modification of the standard-model predictions featured
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_FIG. 4. The branching fraction of the Z, gauge boson for u#,
dd, e*e, and v¥ final states as a function of the mixing angle .
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FIG. 5. The 90%-C.L. region in the le-qﬁ plane obtained

from constraints derived from existing neutral-current data
(solid curve), and from predicted measurements of Agp and
Aig at Vs =Mz with 10%, 10°%, and 10° Z,’s (regions bounded
by curves 1, 2, and 3, respectively; the dashed curves are for
Agp and the solid curves are for A, z).

in the existence of a dip due to cancellation among
different contributions. The location of the dip is about
10% below the Z, threshold. For fixed Mz , we found

that, while the location of the dip is insensitive to varia-
tions in ¢, the dip deepens for larger mixings. The effect
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FIG. 6. The forward-backward asymmetry Ag; for
ete”—puTu~ as a function of V's for (a) Mz, =125 GeV and

é=—0.4 (solid curve) and —0.15 (dashed curve); (b) MzZ =150

GeV and ¢= —0.25 (solid curve) and —0.04 (dashed curve); (c)
M22:175 GeV and ¢=—0.18 (solid curve) and 0.0 (dashed

curve); (d) Mz2 =200 GeV and ¢= —0.15 (solid curve) and 0.02

(dashed curve). The dotted curve for all cases is the standard-
model predictions without Z.
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FIG. 7. The left-right asymmetry A,z /P, fore“e” —p*u~
as a function of V's for the same masses and mixing angles con-
sidered in Fig. 6. The dotted line for all cases is the standard-
model predictions without Z.

of Z, on the left-right asymmetry is found to be even
more pronounced. Figure 7 shows the left-right asym-
metry as a function of V's for the same values of MZ2 and

¢ considered in Fig. 6. A common feature is a sharp dip
below Z, threshold followed by a sharp peak on the Z,.
For fixed MZz’ larger mixing shifts the dip towards
higher Vs.

Finally, we calculate the cross section for the produc-
tion of Z (assuming ¢ =0) in pp collisions using the quark
distribution functions of Eichten, Hinchliffe, Lane, and

(o]
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FIG. 8. Values of leptonic branching ratio B times gauge-
boson production cross section o, in pp collisions at Vs =2
TeV, as a function of gauge-boson mass M. The solid line is for
Z and the dashed line is for a gauge boson Z with standard-
model couplings but with mass a free parameter.
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Quigg.’ The Z —e *e ~ production rate in pp collisions at
Vs =2 TeV is presented in Fig. 8 as a function of the
gauge-boson mass which is taken as free parameter.® For
comparison, we also present the corresponding rate for a
gauge boson with couplings identical to the standard Z
but with mass a free parameter. At a level of Bo > 1073
nb (a reasonable lower limit at the Fermilab Tevatron),
the accessible mass of Z is <300 GeV.

In conclusion, the effects of an additional neutral gauge
boson suggested by the Sp(8) X U(1) model are studied
both on and off the Z, resonance in e Te = collisions. On
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the resonance, lepton asymmetries and total width of Z,
are found to be sensitive to the Z-Z mixing angle and can
be used to probe the gauge-boson mass. Off the reso-
nance, the forward-backward and left-right asymmetries
showed pronounced effects. Experimental tests of these
effects are feasible in the near future.
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