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We compare recent measurements of lepton asymmetries in Z decays at the CERN pp collider
with expectations based on mixing of the Z boson with the Z’' boson in superstring-inspired Eg
electroweak models. These measurements may favor Z-Z' mixing. We compare the results with

what may be learned at e e ~ colliders.

The standard electroweak gauge model! is consistent
with all low-energy neutral-current data? and with the ob-
served properties of the W and Z bosons.>* However,
there are many theoretical reasons for believing that the
standard model is only the low-energy limit of a more
complete theory. Recently, EgxE§ superstring theories®
have gained favor as a possible grand unified theory in-
cluding gravity. They have an effective E¢ theory in four
dimensions and have at least one additional Z boson at
electroweak energies. Limits on the parameters of such
models from existing low-energy data, from the gauge-
boson masses, and from the negative results of direct Z
searches in pp collisions have been determined.®"!° One
indication of new physics beyond the standard model
would be a Z boson which deviates from standard expec-
tations. Numerous articles®!! have considered what may
be learned from precise studies on the Z resonance. In
this Rapid Communication, we point out that currently
available lepton-asymmetry measurements at the CERN
pp collider provide information about possible mixing of
the Z with the Z' boson of Eg electroweak models derived
from superstrings. The presence of mixing improves
agreement of the data with predictions.

To study the extra neutral gauge bosons in E¢ models
based on superstring theory, we consider the breakdown !?

Es— SO(10) xU(1),— SU(5) xU(1),xU(1),.

The lightest extra Z boson will be a linear combination
of the generators of the two additional U(1)’s: Z'
=Z,cosa+Z,sina. If Eg is broken to a rank-6 group
then the mixing angle a is, in general, unconstrained, al-
though if the electroweak breaking occurs via Higgs bo-
sons in the 27 representation of Eg it must lie in the range
defined by —+/15/4<cosa=<0.® If Eg is broken to a
rank-5 group then a is uniquely specified:>'? cosa =~/5/8.
The latter case has received the most attention in the
literature and we will focus on it in our discussions.

The general mass matrix in a model with two Z bosons
can be written in the (Z,Z') basis as

M2 6M2]

(n

2=
M [6M2 My2

In models where there are only doublet and singlet Higgs
bosons contributing to the electroweak symmetry break-
ing (such as the superstring-inspired E¢ models) the pa-
rameter M7 is just the standard-model mass determined
from low-energy neutral-current data; for xy =0.229
+0.005 (Ref. 2), Mz =92.1 0.7 after radiative correc-
tions.!> The remaining two parameters M ? and Mz,2
are best determined from measurements at energies near
the gauge-boson masses. It is convenient to use as param-
eters the physical masses Mz, and Mz, and the angle 6
which describes the mixing between Z and Z "

Z, cos@ sinf||Z
Z, = | —sin@ cos6 Z'|" @)
These physical parameters are related by
tan29=(Mzz_Mz|2)/(M222—M22). 3)

Combining Egs. (1)-(3) yields
SM?*=—(Mz>—Mz*cotd=—(Mz,>—

2)tan6. (4)

Thus the sign of M2 determines the sign of @ since
Mz,> M. In the limit of small mixing

Mz =Mz*— (M (M, > —Mz?),
(5)
Mz2=M,2+ (MY (M, —Mz?).

In any particular model, the Z-boson mass matrix de-
pends on the Higgs-boson vacuum expectation values
(VEV’s). For the rank-5 E¢ model the off-diagonal ele-
ment is given by

(4v,2—0v5,2)
SM2=\/xp——"-Mz2, (6)
xw3(v|2+v22) z

where v; and v; are VEV’s for the two Higgs doublets in
the theory. In certain no-scale superstring models® in
which the scale of electroweak symmetry breaking is
determined dynamically, the ratio v,/v; is always less
than unity, and values near 0.5 are indicated. Therefore
in the no-scale scenario 6 is negative.

Since Mz? is fixed by low-energy data, Mz, is deter-
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mined once Mz, is measured and 0 is deduced from a
study of the Z, couplings. Since the couplings depend on
the angle a of the E¢ model and on 6, the prediction for
Mz, is thereby model dependent. Measurements of Mz,
exist from pp collider data,>* and recently data have be-
come available from the pp collider on lepton asymmetries
in Z decays which can be compared with Z-Z' mixing
predictions.
Before mixing, the neutral-current Lagrangian is

Lnc=gzJzZ+g'JyZ", @)

where Jz =J3; — xwJEm is the usual Z-boson current and
Jh = 1Y, fy*(1 —y5)Q'f. The coupling constants are
g'=gz\/x-Lw=e/\/1 — xw, where xy =sin’6y. The Q'
charges® of the left-handed fermion states for two-Z mod-
els based on E¢ are Q'=(y/5/8cosa++/3/8sina)/3 for
e d,u,u® and Q'=2(~5/32cosa —~/27/32sina)/3 for
d¢e " v,; for the rank-5 scenario, cosa=+/5/8. The fer-

|

Invs/Mz

HF(Mz2s)=
9 “ s) f—lm/s'/le

where f,/4(x,4) is the distribution of g in hadron 4 and
x + =exp( i‘y)Mz,/\/s_.

In Fig. 1(a) we show the differential cross section
versus the electron angle 8* for three values of the Z-
boson mixing angle 6 in the rank-5 E¢ model. In Fig. 1(b)
we show App vs 6 for the rank-5 case and two scenarios®
for rank-6 breaking (cosa = —+/15/4 and cosa =0) which
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FIG. 1. (a) Predicted number of events (normalized to the
observed cross section) vs electron center-of-mass angle 8* for
lepton pairs from Z decays in pp— /] "X at Vs =630 GeV for
three values of the Z-boson mixing angle 6 in rank-5 E¢ models,
and (b) integrated forward-backward asymmetry for the same
reaction vs the Z-boson mixing angle 6 for the rank-5 case
(cosa=+/5/8) and two rank-6 scenarios labeled 6a
(cosa = —~/15/4) and 6b (cosa =0). UA1 data from Ref. 3 are
shown. The 90% allowed regions from low-energy neutral-
current data are —4°<6<20° in the rank-5 model,
—4° < 6 < 6° for model 6a, and —3° < 6 < 3° for model 6b.

l UarpCea ) f5(e =) & [/, (x40 S5 (x D1dy

mion couplings to the Z, are easily found from Eq. (7) by
applying the rotation of Eq. (2).

In pp— Z X, Z,— ete ™ one can measure the angu-
lar distribution of the e~ in the electron-pair center of
mass, given by

1 do

o dcosf*
where 6* is the angle of the outgoing e ~ with respect to
the p beam, and

[grle)?—gr(e)?]
[gr(e)?+gL(e)?]

2 (1+cos20* +2cos6* 5 App) , (8)

>,ler(q@)? —g(g)1H
Zq[gR(q)2+gL(q)2]Hq+
(C))

3
Arg =7

is the integrated forward-backward asymmetry.'* In Eq.
(7), g.(f) and gr(f) are the couplings of the Z, to left-
and right-handed fermions, respectively, and

(10)

f

correspond to having one of the two SU(2)-singlet VEV’s
in the 27 of E¢ be much larger than the other. Changing
xw by £0.005 shifts the Agp curves by +0.03. These
predictions use the parton distributions of Ref. 15.

The recent data from the UA1 collaboration? are also
shown in Fig. 1. The data seem to favor positive mixing
angles and place the limit 6> —3° at 90% C.L. and
8> —10° at 95% C.L. in the rank-5 model. From Egs.
(1) and (7) one can construct an effective Lagrangian and
use low-energy neutral-current data to place limits on the
parameters; for rank-5 E¢ superstring models, these data
allow Z-boson mixing in the range —4° < 6 <20° at 90%
C.L.7"%16 The solutions with large positive 0 allowed by
low-energy analyses are in better agreement with the UA1
lepton-asymmetry data than the standard model Z with
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FIG. 2. (a) Integrated forward-backward asymmetry and (b)
polarization asymmetry for e Ye T —utuT at \/5_=le vs the
Z-boson mixing angle 0 for the three E¢ scenarios considered in
Fig. 1(b).
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no mixing.

In ete "— pu*u~, the forward-backward asymmetry
on the Z, resonance is similar to Eq. (9), except that the
sum over quarks is replaced by the same expression for
muons with H * — 1, and 6* is interpreted as the angle of
the outgoing u ~ with respect to the e ~ beam. Since the
muon couplings are presumed to be identical to the elec-
tron couplings, Arg in e Te ~ collisions on the Z, reso-
nance is always positive. In Fig. 2(a) we show predictions
for the integrated Apg in ete " — putu~ at \/s_=Mz‘
versus the Z-boson mixing angle 6 in the rank-5 E¢ model
and the two rank-6 models. The uncertainty in this mea-
surement at the Stanford Linear Collider (SLC) is expect-
ed!” to be about 0.005, so that 6 will be determined to an
accuracy of order 1° for any given value of a.

Once electron-beam polarization is also available, one
can measure the differential cross sections for a right- or
left-handed polarized electron on the Z, resonance

1 dory

= 3
G0t d cos6* =& (X Ag)

x (1+cos26* £2cos0*Arg), (11)

where A g is the integrated polarization asymmetry for
purely polarized beams

gre)2—gi(e)?
gR(e)2+gL(e)2 ’

and oy =(og+07)/2. For partially polarized beams the
terms in Eq. (11) linear in A;g should be multiplied by
the beam polarization P,. Note that the equality of elec-
tron and muon couplings implies Agg = 3 A;%? on reso-
nance. The experimental uncertainty in A, g is controlled
mostly by knowledge of the beam polarization, and is ex-
pected!” to be around 5%. Predictions for A;g are shown
in Fig. 2(b); changing xu by =+ 0.005 shifts the curves for
Arr by +0.05.

Another means of testing the Z boson for deviations
from the standard model will be to study its total width
and branching fractions into known fermions;® these are
shown for the rank-5 model versus 6 in Fig. 3, assuming
the r-quark mass is greater than Mz /2. The partial

OR —OL
ALR= =
O’R+O'L

(12)
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FIG. 3. (a) Total width and (b) branching fractions of the Z,
vs the Z-boson mixing angle 0 for the three E¢ scenarios con-
sidered in Fig. 1(b).

widths for light fermions are given by
F(Z]—*f_f) ==aEMle[6xW(1 —‘XW)] -1
x[gL(f)2+gR(f)2]Cf, 13)

where ¢y is 1 for leptons and 3 for quarks and agy is eval-
uated at scale My . The contributions of individual quark
channels are particularly sensitive to the mixing angle 6.
The b and ¢ heavy flavors should be experimentally
identifiable and the ratio I'(Z — bb)/T'(Z — ¢¢) will pro-
vide a valuable measure of any Z mixing.

Another consequence of large positive Z-boson mixing
angles is a decrease in the total Z width of up to 400 MeV,
assuming decays to exotic fermions are not important.
The Z width can be accurately measured at SLC and
CERN LEP I. Such a change in the Z width would affect
neutrino-counting arguments based on I'z or on pp collid-
er measurements of ['z/T'y. '3
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