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We examine the sensitivity of various asymmetries for the process e e~ —u*u~ on top of a
Vo =35,(QQ) resonance to the presence of a new, heavy neutral boson Z(©), present in many
superstring-inspired models based on Es. We also consider the possible effects of light (M < Gg~'"?)

leptoquark bosons on V, —v. v, 77",

I. INTRODUCTION

The hoped-for discovery of t-quarkonium'~* at the
Stanford Linear Collider (SLC) or LEP at CERN (or
perhaps TRISTAN at KEK) would not only provide a
laboratory for the study of the properties of the top quark
and the QQ potential at short distances but for the obser-
vation of other important standard-model processes as
well. Precision electroweak tests on r-quarkonium have
been discussed’ and will likely be measurable for any ac-
cessible M (V,) [where V,=>S,(QQ)] whereas such pro-
cesses as V,—H" (Ref. 6) and V,—Z° mixing’ will de-
pend on the masses of the V,, Z°, and Higgs boson H°.
t-quarkonium can also be used to probe physics beyond
the standard model and tests for supersymmetry,”® tech-
nicolor,” and the extra Higgs bosons (both neutral®'® and
charged!®!!) present in the two-Higgs-doublet models re-
quired by supersymmetry have been proposed. In this pa-
per, we discuss two additional kinds of new physics which
could affect the decays and asymmetries measured on a
heavy Vp resonance. We will consider not only ¥, but
also V¥, where b’ is a fourth-generation, @ = — 1 isodoub-
let quark, and ¥}, with & an exotic, Q= —1 isosinglet
quark present in the 27 of E¢ (Ref. 12). This last case is
motivated by the discussion in Sec. II where we examine
the forward-backward asymmetry (Agp) and left-right
asymmetry (A;r) in ete " —putu~ on top of such reso-
nances and their sensitivities to the presence of an extra Z
boson present in extended [extra U(1)] electroweak models
based on superstring-inspired E¢ theories. Finally, in Sec.
III, we consider the effects of the t-channel exchange of
leptoquark bosons X(+2), X(—1) on the annihilation de-
cays Vi—»vv,r777.

II. NEW Z’s FROM E¢ AND HEAVY QUARKONIA

Inspired by the suggestion that superstring theories!®

based on EgX Eg may give a consistent and finite theory
of gravitation, the observed gauge interactions, and
matter, there has been a revival of interest in the study of
extended electroweak theories based on SU(2);, X U(1)y
X U(1)g derived from E4 and the phenomenology of the
resulting additional Z boson.!*!* In this notation, the
new boson is Z(O)=cosOZy+ sin®@Z, where
Ec—SO(10) <X U(1)y and SO(10)—SU(5) X U(1),. (See
Ref. 14 for details.) Limits on the mass of such a new

36

Z (©) have been derived,'®!” using low-energy neutral-
current data, direct searches for a second Z' in
UA1/UA2 collider data, and from electroweak radiative
corrections.'® Such limits are © dependent but they typi-
cally require that M(Z(©))>150-225 GeV. Prospects
for the observation and/or production of the Z(©) in
pp/pp (Refs. 17 and 19), e Ve ~ (Refs. 20 and 21), and ep
(Refs 21 and 22) collisions have also been discussed.
Many authors?® have argued that deviations in various
asymmetries in ete~—utu~, either the forward-
backward asymmetry (Agg) or the left-right asymmetry
(Arr) (assuming the possibility of a polarized electron
beam as at SLC), from standard-model predictions (in-
cluding radiative corrections?’) could indicate the presence
of such a new Z in a mass range well beyond that directly
accessible (>100 GeV). As is well known,>?* these
asymmetries are very different when measured on top of a
35,(QQ0) resonance than on the continuum or Z° pole (as
is seen in Fig. 1) and in this section we wish to examine
the sensitivity of such deviations on top of various ¥ res-
onances to the existence of a Z (O).

If we assume that the U(1), and the U(1), gauge groups
are characterized by the same coupling constant as the
(properly normalized) U(1), factor, as they would be if
E,—SU(3)xSU(2) x U(1), x U(1), X U(1), all at once (at
least up to_possible superstring corrections®), then we
have g =1/ %e/cosf,,. The vector and axial-vector cou-
plings necessary to calculate A, and A, including the
effects of the Z (©), are then

vV 5 Vg
hr=estot y? Xz+ 3 cos’d,

’
Xz,

A= a,v9 5 4o,
- z z >
y? 3 cos’f,

where
vy =2(Iy;, + 1), —4e,sin’0,, ,
a;=2(I,  +1Iz), ,
y=4sinf, cosb,, ,
M?
M?—Mz*+iMzTz

Xz=

and M =M (V,) with a similar expression for X7. The
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FIG. 1. (a) The forward-backward asymmetry Agp in
ete~—uTp~ on top of various ¥y ='S,(QQ) resonances as a

function of the mass M (Vy) (solid curves). Curves are plotted
1

for the top quark, 1, b’ (a fourth-generation sequential Q = -3

isosinglet quark from an

1« )

quark), and for & (aQ=—3
E¢ 27-plet). The dashed curve is the value of 4z on the contin-
uum for comparison. (b) Same as (a) but for the left-right sym-
metry Aig.

exotic,’

left-right asymmetry in ete —u*u~ on a Vp reso-
nance, defined as (cg —or)/(or +0Rr), is then
Re(AFA,)

Ajp=—2—7T7""7"7""
tr [he |24 [ AL |2

(2.2)

while the forward-backward asymmetry, defined from

dN
d cosO

leading to (Ny —Ng)/(Np+Np)=2 AR, is given by>2*

« 14 cos’0+2 Ay cosb (2.3)

App=(Arr ) .

In what follows, we assume, for simplicity, no Z°-Z ()
mixing?® and use M;=92.5 GeV, I';=2.8 GeV, and
sin’0,, =0.232. We further assume that the Z(©) can
decay into three generations of ordinary fermions only
and not into any of the exotic fermions in the E; 27-plet
but our results are, however, almost completely insensitive

(2.4)

to the exact value of the Z(©) width. The vector (v;)
and axial-vector (ay) couplings of the fermions of interest
to the Z(O) can be derived from Ref. 14 where the
charges for all the left-handed states in the 27 are given
by using vy =(Q;, —Q,)/2, af'=(QL+QL)/2 and we find
the values given in Table I. [We assume a coupling of the
form gy, (vf—asys) (Ref. 26).] The most important thing
to note is that because both the u, and #, are in the same
SU(5) representation (and hence have the same X and ¥
charges) then the t-quark—Z (©) vector coupling v, van-
ishes identically, implying that a new Z, at least in the
context of superstring-motivated models, will have no
effect on either asymmetry for t-quarkonium. In addition,
if sin@=0 [i.e., if Z(©)=Z,] then no heavy quarkonium
will be useful for probing the effects of the Z(©) since
then both v’(d’) and v'(h) vanish. Keeping this in mind,
we can calculate the deviations in Apg and A;p for V.
and ¥V, quarkonia due to various Z(6) for sin©-40. Ex-
amples of such deviations are plotted in Figs. 2 and 3.
[In Fig. 2, we have assumed that sin©=1.0 while in Fig.
3 we have used ©=arctan(y/ ), which is the specified
value if the E, group is broken to a rank-5 group.”’] For
comparison, the deviations in 4,; and A on the contin-
uum are also plotted. For these cases, we use the
definitions
(v,—hra)v,—h.a,)

2 z

y
(vf—hap)v,—h.a,)

F(h;h,)=ece,+

5
= X, ,
+3 cos’0,, z
S h, | F(h,h,)|?
A, (cont)= ~12 (2.5)
cont)= , .
LR S | F(hy,h,) |
hyh,
S hsh, | Flh,h,)|?
A, (cont)= L
cont)= )
Fe S |F(hyh,)|?
heh,

where h,,h; are the fermion helicities.

We see that it is possible in certain cases to have much
larger deviations in both Apgp and Ay g on top of a b’- or
h-quarkonium state than on the continuum or Z° pole but
several other factors must also be considered. The asym-
metry which is actually measured®3 on such resonance is

(A)Y=(A"+7nA°T)/(147),

where 7 =R(continuum)/R(resonance) (which param-
etrizes the ‘“‘contamination” due to the continuum back-

TABLE I. Values of vector and axial-vector couplings of fer-
mions to Z(©). [The interaction is defined by geofv.(vs
—asys)fZ,(0).]

e sin©/v'10 — c0s0/2V 6+ sin©/2V'10
u 0 — c0sO/2V'6— sin®/2V 10
d — sin®/v'10 — c0s6/2V 6+ sin®/2V'10
h sin®/v'10 cos0/v'6
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FIG. 2. (a) The deviation in Arp in e*te —u*u~ due to the
presence of a Z (0) with M(Z (6))=250 GeV and sin@=1. (b)
Same as (a) but for the deviation in A/g.

ground) depends sensitively on the ¥V, mass and decay
properties. In addition, the effects of averaging over the
beam energy profile*® will also lower the ‘“analyzing
power” of such deviation measurements. Also, a large
statistical sample can be observed on the Z° pole while
any quarkonium resonance will inevitably yield a more
limited rate (but still large compared to the continuum).
A detailed analysis of all such effects is beyond the scope
of this paper, but we can still argue that for a reasonably
large range of new quarkonium parameters the search for
deviations in the asymmetries we have discussed can be
roughly competitive with (or at the very least, comple-
mentary to) the planned searches on the Z° pole.

Two additional comments concerning such new quar-
konia are perhaps in order. The decay rate for a heavy z-
quarkonium state (say m, > 55 GeV) is dominated by the
single-quark weak decay of the top quark itself so that
many possible new physics signals would be washed out
by its large decay width. Fourth-generation b’- and h-
quarkonia are expected to have such weak decays highly
suppressed and the more traditional annihilation decay
modes should dominate. For the b’ this is possible be-
cause one expects that my <m, (and perhaps lighter than
m, as well) so that its weak decays are suppressed by
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FIG. 3. (a) The deviation in Ars for M(Z(0))=250 GeV
and O=arctan(V'3/5). (b) The deviation in A;g for
M(Z(6))=250 GeV and ©=arctan(V'3/5).

small Kobayashi-Maskawa mixing angles (and perhaps
phase space). The h quarks, being isosinglets, only decay
weakly via their (unknown) mixing with the usual d-type
quarks and this may also be small in order to satisfy con-
straints from flavor-changing neutral-current phenomenol-
ogy. 2730 If an extra Z(©) from string-inspired E¢ mod-
els does indeed appear at relatively low energies (=1
TeV), then it must be accompanied by the additional exot-
ic fermions in the E¢ 27-plet if for no other reason than to
cancel anomalies.’! Thus it is natural (perhaps unavoid-
able) to consider “exotic” h-quarkonia if one is discussing
the Z(6). If both the Z (O)and the h quarks, both iso-
singlets, acquire their masses through coupling to a com-
mon isosinglet Higgs boson,*” as is expected in superstring
models, then unitarity and renormalization-group argu-
ments imply that the 4 quarks cannot be more than a fac-
tor of (a,/a,) heavier than the Z(©) and could, of
course, be much lighter.

III. LEPTOQUARK BOSONS AND -QUARKONIUM

The z-quarkonium system, and other heavy quarkonia,
are ideal places to look for the effects of new particles
with mass-dependent couplings. The standard-model
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Higgs boson, if light enough, will be copiously produced
in radiative V, decays as long as My <(0.7-0.9)M (V,)
(Ref. 2) while nonstandard Higgs bosons can also exhibit
dramatic effects.”~!! The author of Ref. 11 has stressed
that the z-channel exchange of a charged Higgs boson can
dramatically affect the standard-model predictions for the
rate and forward-backward asymmetry for e te = —V,
—>bb where there is already an interesting y-Z°W in-
terference effect.’* (This asymmetry in e *e ~—bb has al-
ready been observed on the continuum at the DESY
storage ring PETRA at lower energies by tagging b
quarks via their decay muons.3?)

With this in mind, we will consider the possibility that
light leptoquark bosons with mass-dependent couplings
could similarly affect other such annihilation decays or
asymmetries. Leptoquark gauge bosons [as in the SU(4)
group of Pati and Salam*®*] with standard gauge couplings
have strong constraints on their masses*>*° from analyses
of rare decay processes, typically M >1-100 TeV. If
such group factors are embedded in a grand unified
theory [say SO(10), with or without supersymmetry],
then renormalization-group arguments®® imply that
M > 10'°-10" GeV. However, several authors have con-
sidered the possibility of light (M <G, '"*~250 GeV)
leptoquark bosons in the context of left-right-symmetric
models’” where they appear as necessary Higgs bosons or
in SU(5)-type models.’® As an example of such a possibil-
ity, we will consider the explicit model of Ref. 39 where
the authors discuss Q =+ %, isosinglet leptoquark (spin-
zero) bosons X;, one per generation (i=1,2,3), as suggest-
ed by the model of “nearby compositeness” that they con-
sider. With Goldstone-boson-like, mass-dependent cou-
plings given by

Agw _
mq[mq(l+7/5)—m,(1—7/5)]lX+H.c. ,

(3.1)
these bosons are consistent with limits from rare decays
for (4/1.0)<(M /100 GeV) while a residual U(1) sym-
metry solves possible problems with proton decay. Fur-
thermore, the masses of such states are argued to satisfy
M <(a;/m)"*Gr~ /<100 GeV. Such leptoquark bo-
sons have been looked for in e e = collisions with the re-
sulting limit*® M >20.5 GeV. This would still allow
them to be produced in Z° decays with a rate

372

NZ%—xx* in*©
( )_ﬁ sin*Oy 62

NZ° v, ¥,) 3 cos’Op

. 4M,*?
Mz?

but limits on their mass which are, in principle, derivable
from UA1/UA2 collider data will likely preclude such
decays. Since the X; are color-triplet, spin-zero bosons,
they can be pair-produced via gluon fusion in pp collisions
in much the same way as the scalar quarks of supersym-
metry. Moreover, the first generation X,, for example,
will have B (X,—u¥,)=0.25 and so will have a similar
decay signature to that of scalar quarks, §—¢7, i.e., a jet
plus missing transverse energy or pr. Thus, the analyses
of monojet/dijet events*' with missing E, which are used
to limit M, can also be applied to leptoquarks (at least X,)

~— -

40 60 80
M(GeV)

FIG. 4. The fractional change in the decay rate for V,—v.v:
due to a Q=+% leptoquark boson with M =80 GeV and
A=0.8 (solid curve). The dashed curve is the deviation for
Vy—> V¥, for the same boson.

to give My >40-50 GeV. Similar or stronger limits from
analyses of pp— jet + jet + [%]~ events will likely
only increase this bound. If light enough, the X; could
certainly appear directly in z-quark decays, t—X;v. but
the limits above may make this unlikely as well so we are
naturally led to consider its virtual effects in heavy-
quarkonium systems. Just as with charged Higgs bo-
sons,'®!! such a X; could contribute virtually to certain ¢
decay modes, in this case t—v(b7") and hence could
affect the top-quark semileptonic branching ratio,
B(t—I+ - --) where | =e,u. With values of 4 and M
consistent with the rare decay bounds discussed above,
however, this branching ratio will change by less than 1%
due to such a X3;. Thus, we are led to examine its ¢-
channel exchange contribution to the decay V,—v v.
Motivated by the suggestion that neutrino counting on ¥y
states may be useful,> we calculate AT /I’ due to the
presence of a X3 with M =80 GeV and 4 =0.8 which we
plot in Fig. 4 as an example. Because it is also argued
that such neutrino-counting experiments may be more
efficient on a fourth-generation b’ vector resonance, we
also plot AT /T for V,—v.%v, where v, is a (massless)
fourth-generation neutrino. (Limits on fourth-generation
neutrinos from big-bang nucleosynthesis and neutrino-
counting experiments at colliders are still compatible with
N,=4.) We see that in neither case is the possible devia-
tion likely large enough to be measured given the expected
sensitivity of such experiments. As a final comment, we
might also consider Q = — 1 leptoquarks which couple to,
e.g., 17~ [with a similar coupling to Eq. (3.1) but with ap-
propriate charge-conjugate spinors] such as are considered
in Ref. 37. These could have an effect on V,—7"7~ and
hence on Apz and A;i for this process which is often
used to check for universality and to increase the statisti-
cal power of an experiment by combining with the u~u™*
data. The deviations in Apg and A4A;p due to a similarly
coupled leptoquark boson (A4 =0.8,M =80 GeV) can be
as large as 0.04 and so this possibility should also be kept
in mind. (The idea that new physics, namely, composite-
ness, might affect the asymmetries in e e ~—7%7~ on ¢-
quarkonium have been discussed recently®> but in a
different context.)
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