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We consider the effects of Z%Z' mixing, where the Z' is an E¢ gauge boson, on processes which will
be measured at e e ~ colliders. Using constraints from current data, we find that significant mixing

may be allowed.

This mixing leads to measurable changes in the Z©° partial widths and

olete "— pu*u 7). In one case, we also find that a Z' lighter than the Z° is still allowed. We discuss

possibilities for its detection.

PACS numbers: 13.10.+q, 13.38.+c, 14.80.Er

The superstring theory with an Eg® Eg gauge group in
ten dimensions may lead, after compactification, to a
four-dimensional E¢ unified theory.! Two phenomeno-
logically interesting features of E¢ superstring-inspired
models are the possible existence of an extra neutral
gauge boson (Z') below the teraelectronvolt scale,? and
of many new fermions.> With the high-precision mea-
surements that can be achieved in e Ye ~ colliders (such
as the Stanford Linear Collider and CERN’s LEP) at
the Z° pole, the effects of the Z' may be observed. If
there is mixing between the two neutral bosons, the mass
of the standard Z° will be lowered* and its couplings to
fermions will be changed. Many authors® have shown
that, although the standard model fits all low-energy
neutral-current data, as well as the W and Z° mass mea-
surements, other models with one extra Z are consistent
with the data, for Mz well below 1 TeV and small mix-
ing between the two neutral gauge bosons. It has also
been shown that the measurements of asymmetries at the
Z° pole could provide evidence of deviations from the
standard model.® Here we will see that measurable
changes in the cross section to u pairs, in the Z° width,
and in the branching ratios to fermions could also be ob-
served.

Under Es, the fermions belong to a 27 representation.
In the 27, there are two new neutral singlets, denoted NV
and n. The N is a member of the 16 representation of
SO(10), while the n is an SO(10) singlet. These neutral
singlets are possibly the only new fermions in the 27 rep-
resentation of E¢ which are light enough to be produced
at energies below 100 GeV.” We study the effects of
these two light neutral singlets on the Z°® width and cross
section to u pairs.

After briefly reviewing the notation, we will derive the
constraints on the parameters of the model from
neutral-current data, the W and Z mass measurements,
and the cross section for pp— Z — e *e ~. The results
for the largest possible deviations from the standard

model for the Z° width and the cross section to u pairs
will then be presented. Finally, we will discuss the possi-
bility of directly observing a light Z".

Consider the breakdown of Eg4 Eg— SO0)
®U(1),— SUGB)®U1)®U(1),. An extra low-ener-
gy Z in E¢ must be a linear combination of Zy and Z,:

Z'(0) =Z,cos0+ Zysinb. (1)
In the absence of mixing, the Lagrangean for the Z ’s is

—Lnc=8zZ0J%+g2Z3,J% )
where Z9 and Z9 are the unmixed Z ’s, and

J4 =YW (I3, — Qemsin?6p) y* ¥,
(3)
J4 =3 ¥Q(0)y*¥,

where the sum is over all fermions, and Q(8) are the
Z'(8) charges of the fermions.® Letting ¢ denote the
mixing angle between Z{ and Z9, the Lagrangean now
reads

—Lnc=gzZ?[J%cosp+ (gz//gz)J% sin¢]
+gzZ,[—J4sing+ (gz/gz)J% cosgl. (4)

As can be seen from the above expression, the fermionic
charges of the Z° and the Z' have been altered as a re-
sult of the mixing. Measurable effects may be seen if
the changes in the Z° couplings are large enough.

The effective Lagrangean for neutral-current process-
es can thus be written in terms of five parameters. We
use x =sin%fy, the mixing angle between the two Eg
gauge bosons (0), the ratio of coupling constants
(gz/gz), the Z%-Z' mixing angle (¢), and Mz. The
mass of the Z? is related to the other parameters since

P2 — My
P1

-1
tan%¢ = LA
1—p2

(5)

M3z cosOw
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TABLE 1. Z° width and o(e*e ~— u*u ™) for the maximum mixings allowed by the
present data, for various values of 6. Three generations of standard fermions are lighter than

Mz/2, with m, =40 GeV.

7} ¢ Mz Mz r A o Ao
(deg) (rad) (GeV) (GeV) (GeV) (MeV) (nb) (nb)
0 0.33 100 91.7 2.41 160 3.39 —1.40
—0.16 164 89.8 2.42 93 1.51 0.57
10 0.52 98 90.9 2.12 426 3.88 —1.86
—0.16 169 89.7 2.41 94 1.64 0.45
20 0.14 159 90.8 2.53 S 2.33 —0.30
—0.17 164 89.6 2.40 106 1.75 0.35
40 0.10 196 91.0 2.56 —8 2.04 —0.02
—-0.17 164 89.6 2.41 101 2.06 0.03
50 0.08 245 90.7 2.55 —10 1.98 0.06
—0.13 169 90.7 2.47 68 2.14 —0.10
90 0.07 328 90.3 2.53 =5 1.81 0.25
—0.06 327 90.7 2.52 16 2.29 —0.25
170 0.15 161 90.6 2.46 70 1.47 0.57
—0.14 154 90.9 2.53 14 2.68 —0.65

In the following, we will assume that (gz/gz)?
= 3 sin20y (this corresponds to the largest value obtain-
able from the renormalization-group analysis*). Thus,
for each 6, there will be three parameters to be fitted, x,
¢, and p,. From Eq. (5), it is clear that the largest devi-
ations from the standard model will occur when ¢ is
large. We will therefore find the largest mixing angle ¢
allowed by present data.

For each 6, we find the best fit to the neutral-current
data (with use of the same data as Ref. 8) and to the
UA2 measurements of the W and Z masses.® Since the
parameter x depends strongly on M, the best-fit value
of x is always very close to 0.225, for every 6. Next we
find the region in p-¢ parameter space corresponding to
a 90% confidence level. For a two-parameter fit, the
90% confidence level corresponds to AX2=4.61.1 After
obtaining the largest ¢ and the corresponding p;, and p;
(i.e., Mz and M) allowed by the data, we check that
the Z' is heavy enough, or that its couplings to ordinary
fermions are small enough, that the Z’ would not have
been seen at CERN.

At the pp collider, a search for extra Z bosons was

done. The UA1 and UA2 groups obtained an upper lim-
it of 3 pb for o(gg— Z)T(Z'—e%e~).'° For a Z’
with the same coupling as the Z°, this limit corresponds
to Mz greater than 186 GeV. For the Z' in E¢, howev-
er, the couplings to ordinary matter are always smaller
than for the standard Z©° so that lighter Z”s are al-
lowed. We calculate the cross section for production of
the Z' at the CERN pp collider by use of the Eichten-
Hinchliffe-Lane-Quigg quark distribution functions.!!
We then find the maximum mixing angles ¢, both posi-
tive and negative, which are consistent with the 90% con-
fidence limit from neutral currents, and with the UAI-
UA2 limit on Z' production. For 6 in the range 50°-
160°, the neutral-current data are more restrictive than
the pp— e Ye ~ limit. For other 8’s, where a lower mass
Z' is possible, the pp limit reduces the allowed parame-
ter space. The results for the maximum ¢ and for Mz
and Mz are summarized in the first columns of Table I
for a few typical values of 6. For 6 between 50° and
160°, the maximum mixing angle |¢| = 0.07, and the
result at 6=90° is representative of these cases. Note
that we need only consider 6 as running from 0° to 180°,

TABLE II. Same as Table I, but with three generations of n included.

6 ] Mz Mz r Al o Ac
(deg) (rad) (GeV) (GeV) (GeV) MeV) (nb) (nb)
0 0.33 100 91.6 2.46 106 3.24 —1.25
—0.21 131 90.4 2.41 115 1.33 0.73
10 0.56 97.6 90.5 2.17 355 3.60 —1.55
—0.24 131 89.9 2.36 146 1.40 0.68
20 0.22 118 91.1 2.53 24 2.45 —0.43
—0.25 131 89.5 2.33 168 1.56 0.54
40 0.10 196 91.0 2.56 —11 2.04 —0.02
—=0.20 140 90.1 2.39 124 2.01 0.05
50 0.08 245 90.7 2.55 =11 1.98 0.05
—0.20 140 90.1 2.40 122 2.23 —0.16
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FIG. 1. Ratio of I'(Z%— ff) to Mz as a function of 6: (a)
Z%— utu~ for ¢ (maximum positive mixing) (dotted line)
and ¢~ (maximum negative mixing) (dashed line), (b)
Z%— ¢z for ¢* (dash-dotted line) and ¢~ (dotted line) and
Z°%— bb for ¢* (dashed line) and ¢~ (dash-dotted line), (c)
Z°%— three generations of v’s for ¢* (dash-dotted line) and
¢~ (dotted line). The solid lines correspond to the standard
model.

since the results for 8 between 180° and 360° are the
same, but with ¢« —¢.

For these maximum mixing angles, at the Z° pole, we
then calculate the total width of the Z° and o(e*te ™
— u%tu "), assuming that only three generations of
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FIG. 2. Cross section for e*e ~— hadrons vs center-of-
mass energy, \/s-, for 6=10°, ¢ =0.3, and Mz =85.2 GeV.

standard fermions have masses below Mz/2. We present
the results in Table I. The deviations from the standard
model are defined as AT =I'spyy—I' and Ac=osm — 0.
To obtain the standard-model values (osm and I'sy) for
each case, we use the same value of Mz as for the mixed
case, but assume standard coupling to the fermions with
x =0.225. For oc(e*te — u*tu~), we find that, for
several cases, shifts of several hundred picobarns from
the standard result are possible. Thus, the cross section
to u pairs, which will be measured to 50 pb,!? is clearly a
good test of Z9-Z' mixing. For example, at 8=0°, very
large deviations in the cross section to u pairs can occur.
This is fortunate, since the left-right asymmetry at this
angle is somewhat less sensitive to the mixing.® The
asymmetry depends on g7 —g#, while the cross section
depends on gZ+g3, and at 0°, shifts in the left-handed
coupling are the same as shifts in the right-handed cou-
pling. Only if 8=40°-50° will Ac be too small to be
observable. The reason for this is that, at the pole,
ox(gf+gA4), and around 45°, the changes in g, for the
muon are almost exactly compensated for by changes in
gr. The effect of mixing on the measurement of the to-
tal width is small, but could nevertheless be measurable.
The leading correction in the partial width Z%— f7 is
~¢(I§ —0L,x)07(6). For the total width, where we
sum over all fermions, this term vanishes, and the correc-
tion to the total width is proportional to ¢2. For the
cases where ¢ is large, we find deviations of about 100
MeV, which can be seen, on the assumption that an ac-
curacy of 50 MeV is achievable. 12

We also consider the cases where there are three gen-
erations of light singlets n or N. The presence of one of
these singlets allows an additional decay channel to the
Z' and hence reduces the Z'— e *e ~ branching ratio,
which softens the pp constraint. Thus, a lighter Z’, and
hence a larger mixing angle, is allowed. The results for n
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are shown in Table II, where we list only the few angles
for which there is a difference in the amount of mixing
allowed. Comparing Tables I and II, we see that, for an-
gles below 50°, there may be measurable differences be-
tween the case where no n’s are included and the case
where we have included three generations of n. The
reason for this is that, for an unmixed Z’, n couples most
strongly at 8=0°. Thus, at small 6, where large mixing
angles ¢ are allowed, the 7 coupling to the Z° is relative-
ly large. For the other singlet, IV, the results remain ex-
tremely close to the case where there are no extra neu-
trals, since IV couples strongly only around 90°, where
the mixing ¢ is too small.

While the measurement of the total width could yield
only small changes from the standard model, the partial
widths could exhibit large deviations. Since the partial
width is proportional to Mz for massless fermions, the
quantity I'(Z%°— ff)/Mz is a function only of the Z°
couplings to fermions. To compare the maximal devia-
tions from the standard model in the partial widths to
fermions, we plot I'(Z°— u*u ~)/M as a function of 6
in Fig. 1(a). With an expected precision of 2% on the
muon partial width,!? the cases where the maximum
mixing occurs can easily be tested for all 6, with the ex-
ception of ~50°, where, as noted above, the muon cou-
pling is almost standard. For the cases of maximal mix-
ing, large deviations are also expected in the branching
ratio to quarks [Fig. 1(b)]. Although the measurements
will be less precise, the region where 8 is small could be
tested. In Fig. 1(c), we plot the partial width to three
generations of neutrinos, both with and without three
generations of light singlets n. The addition of a decay
mode into neutral particles increases the partial width of
the Z°, but the effect of the extra n’s may be measurable
only for small 0, where large mixings are allowed.

We should emphasize that ¢ =0 is always consistent
with the data, and in that limit, the standard-model re-
sults at the Z° pole will be reproduced. For this reason,
the E¢ models cannot be ruled out even if all data at the
Z° pole are consistent with the standard model (al-
though some theoretical reason for the absence of mixing
must be given). Certain values of 6 can be ruled out
only if deviations are observed which are larger than the
ones listed in the tables and in the figures.

Finally, it is interesting to note that a Z' lighter than
the Z 9 is consistent with the data for certain values of 6,
not considered by previous authors. For each angle 6,
there is a range of values for ¢ where the cross section
for pp— Z'— e *e = becomes very small, even for M
below the Z° mass. When 6 is around 10°, this range of
values for ¢ is also allowed by the neutral-current data.
At 8=10°, for ¢ =0.3, the smallest allowed mass for Z'
is 85.2 GeV. Such a light Z’ could be directly observed.
However, the coupling of the electron to Z' is very weak,

so that the best signal can be seen in e Ye ~— hadrons.

In Fig. 2, we see that for Mz =85.2 GeV and ¢=0.3,
the Z' cross section is about one third of the Z° cross
section, and is unmistakable.
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Note added.— After completion of this work, we re-
ceived a preprint by P. J. Franzini and F. J. Gilman
(Phys. Rev. D, to be published), in which they discuss
similar effects.
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