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Motivated by the resurgence of interest in E¢ grand unified theories due to their possible relevance
as the low-energy limit of superstring theories, we studied the effects of the extra Z° bosons predict-
ed by these theories on asymmetries in e *e ~ collisions. It was found that the deviations from the
standard model allowed by low-energy phenomenology can be quite substantial and that asym-
metries at e e~ colliders offer a sensitive probe for new physics. We describe a method of unravel-
ing the underlying physics from the experimental data.

I. INTRODUCTION

Recently, there has been a resurgence of interest in Eg
grand unified theories (GUT’s) motivated by the possibili-
ty that they represent the low-energy limit of superstring
theories.! Because in superstring theories Egq is broken by
a discrete symmetry to a rank-5 or -6 group, one feature,
common to all low-energy limits of this theory, is the pre-
diction of at least one extra neutral gauge boson with the
properties of the extra Z° bosons and their couplings to
fermions dependent on the details of the symmetry break-
ing.2 In this context, various aspects of E¢ GUT’s have
recently been studied: allowed symmetry-breaking pat-
terns,® properties of extra fermions in Eq (Refs. 4 and 5),
and the properties and constraints on extra neutral gauge
bosons. For the latter, several groups have examined the
constraints that low-energy neutral-current data can put
on the properties of the extra Z° bosons.%’ Beyond this,
one may ask, how might these extra Z%s, which we will
refer to as Z'’s, manifest themselves in the next genera-
tion of experiments and how might we unravel their prop-
erties. In order to answer these questions we have studied
the effects of the extra Z%s of E¢ in e*e ™ collisions.
Specifically, we have examined the forward-backward
asymmetries and the left-right asymmetries that arise
from an initially polarized e ™ beam and compared them
to the asymmetries expected from the standard model.®

We begin in Sec. II with a brief overview of the relevant
group theory necessary for the calculation of the extra Z°
couplings to fermions. In Sec. III we present the formulas
for the cross sections and asymmetries for polarized elec-
tron beams along with results for various values of the Z’
mass, its couplings to fermions, and allowed values for
Z°-Z' mixing. We conclude with a description of how
the underlying physics can be unraveled from the mea-
sured asymmetries along with some comments.

II. GROUP-THEORETICAL CONSIDERATIONS

Since Eg is a rank-6 group it has six diagonal generators
in its Cartan subalgebra which correspond to the axes of
the six-dimensional root space.”!® At low energy E¢ must
contain, at the least, the SU(3)c XSU(2), X U(1) symme-
try of the standard model, so two of the diagonal genera-
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tors are accounted for by the diagonal generators of
SU(3)¢ and two other directions in the group space corre-
spond to the photon and the Z° gauge boson. This leaves
two remaining directions of E¢ group space available for
new physics and, hence, extra Z° bosons. In principle, the
extra Z° bosons can mix with the standard model Z°
with the mixing angles constrained by experiment. We
postpone a discussion of mixing effects for now and as-
sume that the Z° couples as in the standard model to
I,; —Qgmsin®@y,.. Since the charge of the extra Z° bo-
sons, Q' and Q”, must be orthogonal to all generators of
the standard model we can label the extra Z° charges us-
ing U(1)y and U(1), which come from the subgroup
chain:

Es—SO0(10) X U(1),—SU(5) X U(1)yx U(1), . (1)

Therefore, the charges Q' and Q" will be given by any
linear combination of the generators U(1)y and U(1),, with
respective charges Qy and Qy giving

Q'=Qxcosbg, +Qysinbg, , (2a)
"= —Qysinfg +Qycosbg, . (2b)

Specific choices of 0, correspond to different symmetry-

breaking patterns which can be related to different sub-
group chains. As an example, consider the case where E¢
is broken via a non-Abelian discrete symmetry to a rank-5
group:®

E¢—SU(3)c xSU(2), xU(1), XU(1), (3)
where the generator of U(1) is I3 + Yr /2, I3y () are gen-

erators of SU(2), (r), and Y. (g, are generators of U(1) (g,
for the following subgroup chain:

E¢—SU(3)e X SU(3), XSU3)g ,
with
SU(3), —SU(2), xU(1), (4)

and

SU(3)g —SU(2)g X U(1)g .
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TABLE 1. Charges and quantum numbers of the left-handed fermions of the fundamental 27 repre-

sentation in Eg.

Q Iy Isg Y. Yz g, Vg, 2V1s,
et 1 0 I 1 T -1 1 -2
d -+ — 0 T 0 -1 1 -2
u 1 5 0 T 0 -1 1 -2
7 -2 0 -+ 0 -+ -1 1 -2
a T 0 + 0 -+ 3 1 1
e~ —1 -5 0 -+ -3 3 1 1
Ve 0 - 0 -3 -1 3 1 1
N 0 0 -1 2 T -5 1 -5
13 T 0 0 0 = -2 -2 1
E- —1 - -5 -+ T -2 -2 1
ve 0 i -T -3 3 -2 -2 1
h -5 0 0 - 0 2 -2 4
E* 1 5 5 -+ T 2 ~2 4
Ne 0 -5 5 -+ 3 2 -2 4
n 0 0 0 1 -3 0 4 -5

In this model the electromagnetic charge operator is given
by

Y. +7Y,
QEM=13L+13R+—LT—R“ 5)
and in terms of the generators of the subgroups given by
Eq. (4) we have

Qu=V3/8(Y,—-Yg), (6a)
Qx="/l—1—o[213R—‘;‘(YL+YR)], (6b)

where we use the conventions given by Rosner in Ref. 5.
To find Q; we note that the Z’ must couple to a linear
combination of Y; and Yy +2I;; orthogonal to that ap-
pearing in the Z° charge, Isg+(Y; + Yg)/2. Properly
normalized we obtain

172 Yz

I _—
3R+ 2

172

Oy - (7)

3
5

1

2
172

Q¢+

_YL

e |

8

Thus, in this model, we find cosfg =V 3/8 and
sinfg = —V'5/8.

We next consider the fermions in E¢ and their quantum
numbers. Under the two maximal subgroups of Eg,
SU3)c X SU(3), XSU3)g and SO(10) X U(1)y, the funda-
mental 27-dimensional representation breaks to

27—(3,3,1)+(3%,1,3*)+(1,3*,3),
27—(16,1)+(10,—2)+(1,4) ,

(8)

respectively. The 27 has 9 color singlets, 3 quarks, and 3
antiquarks where two quarks have electric charge —
and the remaining quark has charge + % Assuming that
the 16 ordinary fermions of each generation (including the
right-handed neutrino) belong to the 16 of SO(10), we can
uniquely determine the quantum numbers of all fermions
in the fundamental representation of Es. The 11 new fer-
mions include a new charge — % quark, an isodoublet of
charged and neutral leptons E~ and vg, and their an-
tiparticles which form the 10 of SO(10), and an extra neu-
trino which is the SO(10) singlet. We list the fermions for
one generation and their quantum numbers in Table I.

In terms of these fields the neutral-current Lagrangian
can be written as

Lnc=ed,Jbm+850Zulb0+82Z,JY 9
where Jgy and J4, are as in the standard model and
Jg = 3 drMCy—Cay sy (10)
f

with Cy, 4 =(Qr¥Q7)/2. The values of Q; for the fer-
mions are taken from the last three columns in Table I.
For convenience we list in Table II Cy, and C, of the
electron for some specific cases. We consider only the

TABLE II. Couplings of the e, u~, and 7~ to Z' for some
representative g s directions. Here 6y=0°, 8,=90°, and 0, is

given by Eq. (7).

C Cr cy C.

Oy 372V10 1/2V'10 1/V'10 1/2v10
6y 1/V24 —1/V24 0 1/V24
6, 1/2V15 +1/V15 3/4V'15 —1/4V15




minimal case of one extra neutral gauge boson assuming
that in the case of rank-6 groups where two extra neutral
bosons are present, one of them is sufficiently heavier
than the other so that its effects are suppressed up to ener-
gies around the Z° mass. We therefore have four
phenomenological parameters in the analysis: 6g —the
Qy-Qy mixing angle, —the Z°-Z’ mixing angle, Mz—
the mass of the extra Z° boson, and (82'/8 z0)—the ratio
of the Z' and Z° coupling constants. This ratio,
(82/840), can be found in a specific symmetry-breaking
scheme using the renormalization-group equations and is
given by ( gzr/gzo)zg %sinZOW (Ref. 10). It takes on its
maximum value when the extra U(1) breaks off at the
same scale as the breaking to SU(3)- X SU(2); X U(1) and
we use the maximum value in what follows. The angle ¢
is related to the standard-model prediction for the mass of
the Z° (Mgy), the observed M, and Mz

2 2
Msv®—M,,,

tan’p= —————
¢ Mz*—Mg\?

) (11)

where Mgy=My /cos@y. With an accurate measure-
ment of the physical Z° mass ¢ can be related to M and
can therefore be removed as a free parameter. This leaves
O, and M7 to be determined.

III. ASYMMETRIES FROM EXTRA Z%s

Our goal is to study the effects of extra Z%s on asym-
metries in e e~ colliders and to unravel the underlying
physics. With this in mind we will examine forward-
backward asymmetries and left-right asymmetries in
ete”—pu*u~ and also asymmetries which can arise in
Bhabha scattering. With efficient flavor tagging of heavy
quarks in jets one could repeat the exercise for
ete™—qq.

We begin with the asymmetries in e te ~—u*tu~. The
processes which contribute to the cross sections are given
in Fig. 1. Evaluating the amplitudes of Fig. 1 one obtains
for the cross section of an unpolarized positron and a
left-handed polarized electron

daL 1ra2 2 2
dcosd 2 (16, [(1+cosd)
+ | brg | 2(1—cos)*], (12)
where
et ut et ur et mr
+ +
e~ mTooer M- oer M

FIG. 1. Processes which contribute to the ete ~—putu~
cross section.
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cicr s
bij=1+ 20 i2 2, ;
4 cos“Oysin“Oy s ——Mzo +tI‘ZoMZO
(82:/8,0)*CS CF s

, (13)
4cos’Oysin® 0y s —Mz*+iT 7M.
and i,j=L,R. In these expressions C; g =Cy,+C,. For
the cross section with a right-handed electron one makes
the replacement L«>R. In our calculations we will use
the values sin’9y =0.222, M,,=92.5 GeV, and T ,,=2.5
GeV. The value of sin’0y, was obtained by Barger, Desh-
pande, and Whisnant® from a fit to the low-energy
neutral-current data for GEG=0,7 and includes radiative

corrections. Durkin and Langacker’ found that sin’@y,
was not very sensitive to the model used to fit the low-
energy data (i.e., the value for Og ,) even when Z 0.Z’ mix-
ing effects were included. This is also the radiatively
corrected standard model value obtained using!'

41T(1EM 12

1— [1—
V2G,M,*(1—0.06)

1

sinZOW_-;— (14)

with G,=1.16637x10"° GeV~2 and M,,=92.5 GeV
and where the factor 0.06 comes from the light-quark
contributions to the vacuum polarization. The standard-
model result remains valid when extra Z%s are present if
there is no mixing between Z° and Z' and only Higgs
doublets and singlets contribute to the mass matrix. The
Z' width is given by

8z°Mz.

I, =
z 127

St +csh. (15)
f

To obtain a value for I' ;- we included only the fermions
of the first three generations of the standard model. If the
extra fermions of E¢ were discovered their contribution to
the width could be included. In any case our results are
rather insensitive to the exact value of the Z’ width.

We have not included detector-dependent radiative
corrections such as bremsstrahlung off the initial or final
legs and virtual-photon graphs in our calculations.'? This
is because the corrections from the soft bremsstrahlung
and virtual-photon diagrams depend on the detector reso-
lution AE and those from the hard bremsstrahlung graphs
depend crucially on the experimental acceptance cuts and
can be large, up to 30% of the tree-level contributions.
These are best included by experimentalists via Monte
Carl?1 simulations involving the details of their detec-
tors.

A. Left-right asymmetry

The left-right asymmetry A,y is defined by

O —OR
Ajp=—"""". (16)
Lk oL +0ogR

In what follows we will display our results as the differ-
ence between the asymmetry with an extra Z° and that of
the standard model: i.e.,

SALR =ALR ~—fiLR(Sh/I) .
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In Fig. 2 we plot 84,z at Vs =100 GeV as a function
of O, We have set the Z 0.Z’ mixing angle to zero. In

Fig. 3 we show 84 as a function of V's for the specific
value of 6, which arises in some superstring theories and
for several values of M. Not unexpectedly the larger the
V’s and the lower the Z' mass the larger the deviation
from the standard model. Also, without Z%-Z’ mixing
the deviation at the Z° pole is negligible which simply re-
flects the dominance of the Z° pole. Much below the Z°
pole, 84,z is dominated by the y-Z' interference term
and is proportional to CyC4. However, as Vs increases
the Z°-Z' interference takes over and the dependence on
Cy 4 and Cy 4 is more complicated. We will return to
this issue in the discussion.

Finally, in Fig. 4 we consider the effect of Z%Z’ mix-
ing. We use the allowed bounds on Z°Z’ mixing and
M3 obtained from the analysis of low-energy data by
Durkin and Langacker.” One sees that for the amount of
mixing allowed by low-energy phenomenology, the devia-
tions from the standard model in the left-right asymmetry
can be quite substantial. In fact, the Z°-Z’ mixing will be
the dominant effect on asymmetries. The reason for this
is that the Z° coupling is modified by the Z’, i.e.,

Cy—Cycosp+ Cysing .

The Cy and Cj terms are suppressed only by a mixing
angle, not by a factor of 1/M? as in the absence of mix-
ing. The effects are therefore particularly significant
around the Z° pole.!3

B. Front-back asymmetry

The front-back asymmetry Ay is defined by

1 do 0 do
d cos@ — d cos6
f 0 d cos@ f -1 d cosf
FB="" do 5 do (17)
d cos@ d cos@
fO afcoseai_f—l ¢ d cosf
0.04 T T T
0.02
ooo b T
x -0.02
<
KD -0.04
-0.06
-0.08
-0.10 1 . T L
(o] /e w2 / 3m/a 4
+ t 8
Zy Zy Zq Ee

FIG. 2. 6A4.; as a function of 956. The solid curve is for

Mz =150 GeV, the dashed curve for Mz =200 GeV, and the
dot-dashed curve for M =250 GeV. In all cases Vs =100
GeV and ¢=0. We point out the special angles corresponding
to Zy, Zy, and Z,. For Z, we actually show 6, +m which cor-
responds to the same asymmetry as 9,,.

0.020 T T T T T

0.015

e 0.010 | .
-
<T
© 0.005 | /4

0.000 . .

_0.005 1 s 1 1 i
40 50 60 70 80 90 100

FIG. 3. 84,z as a function of V's for several values of My
with GE6=9,, and ¢=0. The solid curve is for Mz =150 GeV,

the dashed curve for Mz =200 GeV, the dash-dotted curve for
M7 =250 GeV, and the dotted curve for Mz =300 GeV.

and SAFB =AFB —AFB(SM)

In Fig. 5(a) we show 84z as a function of Ok, for
Vs =100 GeV for left-polarized, right-polarized, and un-
polarized electrons, illustrating the effect of polarized
beams on front-back asymmetries, and in Fig. 5(b) we
show the effect of varying the Z’ mass. In Fig. 6 we
show 8A4gp as a function of Vs for O, =0, for several

values of M;.. Examining the expression for App we find
that much below the Z° peak 845 is dominated by the
v-Z' interference term and is proportional to C,2
Around the Z° peak the Z°-Z’ term dominates and is ap-
proximately proportional to C,Cy% Again, in Fig. 7, we
show some representative deviations of Ay from the
standard model for values of the parameters allowed by
low-energy phenomenology and once again they are found
to be quite substantial.

0.5 T 1 ] T L]
0.4 :
03 f /A

02 s

3A g

0.1

0.0

- o '1 1 1 i 1 1
40 50 60 70 80 90 100

/s~ (GeV)

FIG. 4. 64, vs V's for some representative parameter sets
allowed by current data. The solid curve is for Z, with
Mz =260 GeV and ¢=—0.08, the dot-dashed line is for Z,
with M7 =120 GeV and ¢ = —0.25, the dashed line for Z, with
M7 =200 GeV and ¢=+0.04, and the dotted line is for Z,
with Mz =140 GeV and ¢ = +0.06.
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FIG. 5. 8Agp as a function of 656 for Vs =100 GeV. In (a)

we take Mz =150 GeV and ¢=0. The solid line is for unpolar-
ized electrons, the dashed line is for a right-polarized beam, and
the dot-dashed line is for a left-polarized electron beam. In (b)
we vary Mz for an unpolarized electron beam. The solid line is
for Mz =150 GeV, the dashed line for M, =200 GeV, and the
dot-dashed line for M, =250 GeV.

0.015 T T T —T T
0.010
0.005
0.000

B

w
< -0.005
(28]

-0.010
-0.015
-0.020

-0.025 . ' : : :
40 50 60 70 80 90 100

/s (GeV)

FIG. 6. 8Afp vs Vs for an unpolarized electron beam and
956=0,, and ¢=0. The solid line is for Mz =150 GeV, the

dashed line for Mz =200 GeV, the dot-dashed line for
Mz =250 GeV, and the dotted line for Mz =300 GeV.

0-15 T T T T T
0.10
[+4]
< 0.05
[2¢]
0.00
-0.05 ! 1 1 1 1
40 S50 60 70 80 90 100
Vs (GeV)

FIG. 7. 8Agp vs Vs with unpolarized electrons for some
representative parameter sets allowed by current data. The solid
curve is for Z, with Mz =260 GeV and ¢= —0.08, the dot-
dashed line is for Z, with M2z =120 GeV and ¢ = —0.25, the
dashed line for Z, with Mz =200 GeV and ¢ = +0.04, and the
dotted line is for Zy with Mz =140 GeV and ¢ = +0.06.

C. Bhabha scattering

For the final example we consider the effect of extra
Z%s on Bhabha scattering. In addition to the s-channel
diagram of Fig. 1 we must also include the ¢-channel dia-
grams of Fig. 8. Including these #-channel diagrams in
the amplitude leads to the differential cross section

dUL

——ﬂiﬂb +dpp | X1+cosh)?
dcos® 25 - EETOLL
+ |bir | M1 —cos0)*+4 |drg | %] (18)

with the b;;’s defined as in Eq. (13) and with the d;;’s de-
fined by

C,?Cf t
dij =1 + 2 .2 2 .

4 cos Oy sin“Oy (¢ ——MZO )+1FZ(,MZO
(8,0/82)7Cf Cf’ ; 1)
4cos’Oysin®0y, (t —Mz)+iT My

e~ e~ e~ e~ e~ e~
Yy o+ 7 + 7’
et et e’ et e’ et

FIG. 8. The t-channel processes, in addition to the s-channel
processes of Fig. 1, which contribute to the ete~—e*e™
Bhabha scattering cross section.
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0.02
0.00
-0.02
-0.04
-0.06
-0.08

3A g (Bhabha)

-0.10

-0.12

- 1 1 i

0.14 /4 7r1{ 2 ' 37m/4 r
Zy Zn 855

FIG. 9. 64,z (Bhabha) vs 956 for V's =100 GeV and for the

e~ polar scattering angle #=90°. The solid line is for Mz =150
GeV, the dashed line for Mz =200 GeV, and the dot-dashed
line for Mz =250 GeV.

N
x *O

with i,j =L,R. For the cross section with right-polarized
electrons make the substitution L«>R. From this expres-
sion we can define a left-right asymmetry as before.
However, instead of integrating over all 6 we take
do/d cosf at 0=90° to minimize the effects of the pho-
ton pole in the ¢ channel and maximize the effects of the
extra Z° boson. Figure 9 illustrates the variation of 84,z
(Bhabha) as a function of 6g, for Vs =100 GeV and

several values of Mz and Fig. 10 shows how 64,z
(Bhabha) varies with V's for 0 ,=6y. Once again, in Fig.

11, we see that the allowed deviations from the standard
model are quite considerable when there is mixing be-
tween the Z% and Z'.

IV. DISCUSSION AND CONCLUSIONS

As can be seen from the various figures, the asym-
metries due to an extra Z° boson can deviate quite sub-

0.010

0.005

0.000

LR (Bhabha)

<
oo ~0.005

-0.010

-0.015

40 50 60 80 90 100

70
5 (GeV)
FIG. 10. 84,5 (Bhabha) vs Vs for 0 =6, and the e~ polar

scattering angle 6=90°". The solid line is for Mz =150 GeV, the
dashed line for Mz =200 GeV, the dot-dash line for Mz =250
GeV, and the dotted line for Mz =300 GeV.

0.30 T T T T T
0.25
0.20

0.15

(Bhabha)

o 0.10

SA,

0.05

0.00

-0.05

/s (GeV)

FIG. 11. 84,z (Bhabha) vs V's for some representative pa-
rameter sets allowed by current data. The line labeling is as in
Fig. 7.

stantially from that of the standard model. One can ob-
tain relations between the asymmetries and M, Cy, and
C but in general it is nontrivial to extract the parameters
of the model from the expression for the various asym-
metries. An alternate method, while not as direct, is to
make a contour plot of the 84’s as a function of 6, and

M. Since 8A g, 8Afp, and 8A4;; (Bhabha) have dif-
ferent functional dependencies on g " Mz, and Vs, by

measuring the asymmetries one can constrain the allowed
region of the parameter space. If deviations are found the
measured values would restrict the properties of the Z’ to
a region of the g -My plane. We illustrate this method
in Fig. 12 where we have plotted contours of constant
8Ar g, 8Arg, and 84, (Bhabha) for Vs =100 GeV. De-
pending on flavor-tagging efficiencies one could also uti-
lize asymmetries involving ¢z and bb pairs in the final

300
M z' (GeV)

FIG. 12. Contour plot of deviations from the standard model
for the various asymmetries in the GEG-MZ' plane. The solid
lines are for 8A4,r, the dashed lines for 84z, and the dot-
dashed line for 84,z (Bhabha). All are for V's =100 GeV and
¢=0.
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state. Because the quarks will in general have different
couplings to the Z’ than the leptons, shifts in the asym-
metries which differ from those involving leptons would
help unravel the underlying theory.

To conclude, we have studied the asymmetries in e Te ™
colliders that may arise from Eq GUT’s and have found
that asymmetries provide a sensitive probe of new physics.
In fact, the deviations in asymmetries from the standard
model allowed by current data are quite substantial and
accurate measurements would severely restrict models
proposed for new physics. Asymmetries measured at
e*e™ colliders could very well be our first indication of

new physics beyond the standard model.

Note added in proof. After the submission of this paper
we became aware of several related papers'*~!” to which
we refer the interested reader.
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