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We have studied the effects of an extra Z boson expected from E6 grand unified theories on cross
sections and asymmetries in electron-proton collisions at DESY HERA. Such measurements were
found to be more sensitive to the effects of an extra E6 Z boson than analogous experiments at
e+e colliders for a large range of allowed Z' parameters. In the event that evidence for an extra
Z boson was found at e+e colliders, measurements at HERA would be necessary to determine its
properties and its place in theory. We note that the deviations from the standard model allowed by
existing neutral-current data are substantial.

I. INTRODUCTION

Recently, there has been a resurgence of interest in E6
grand unified theories (GUT's) due to the possibility that
they may be the low-energy limit of superstring
theories. ' Although at present it is not clear what as-
pects of these theories will survive it is still interesting to
study their phenomenology, not only for the specific pre-
dictions of the models, but also as exercises in interpreting
new physics which might be observed at the next genera-
tion of particle accelerators. From this perspective there
has been much interest in the phenomenological possibili-
ties of E6 GUT s including the production and detection
of the exotic fermions of E6 (Ref. 4) and of the extra
gauge bosons expected in E6 (Ref. 5). Although it is not
clear if exotic low-mass fermions exist in superstring
theories, one common feature of superstring-motivated E6
theories is the existence of extra neutral gauge bosons.
With this motivation, numerous groups have studied the
constraints which the present experimental data puts on
the existence of extra Z 's (Refs. 6—9), the effects of extra
Z 's in pp colliders, ' and in the next generation of e+e
colliders. " ' Because of this widespread interest in ex-
tra Z 's, which we denote Z"s, it is interesting to com-
pare the experimental reach of the various experiments,
which we define to be the highest Z' mass which a given
experiment can detect, of both existing experiments and of
future experiments. With this motivation we will extend
the previous analysis of extra Z 's to the phenomenology
of ep collisions such as at DESY HERA. '

Our goal here is twofold: first, we wish to study how
cross sections and asymmetries will vary with the parame-
ters of the extended model; the extra Z 's couplings to
fermions, the mass of the Z', and the magnitude of the
ZsM-ZE mixing; second, we wish to compare the reach

6

of ep colliders with the bounds from existing neutral-
current data and the reach of the next generation of e+e

colliders. In the latter, it was previously found that the
asymmetries in e+e collisions allowed by present
phenomenology are quite large and such measurements
could be our first hint of new physics beyond the standard
model. ' In this paper we study the size of the asym-
metries which are allowed at HERA, ' although we point
out that the bounds we use here will no doubt be revised
by future measurements at the Stanford Linear Collider
(SLC) and CERN LEP.

The outline of the paper is as follows. We begin in Sec.
II with a very brief sketch of some relevant E6 group
theory to define our notation with respect to the Z' cou-
plings. In Sec. III we give the expression for the doubly
differential ep cross section with an extra Z boson and
the definition of the various asymmetries, followed by ex-
amples which show how these quantities will vary with
different values of the Z' parameters. We also discuss the
issue of statistics and the approach one might take to
enhance the detection of extra Z 's. We summarize our
results with a comparison of the reach of HERA in
detecting Z"s to that of the various e+e coliiders and
the bounds from existing neutral-current data. We con-
clude in Sec. IV with some general comments comparing
the relative merits of e+e and ep colliders in searching
for Z"s and studying their properties.

II. SOME E6 CONSIDERATIONS

In this section we follow Ref. 12 to describe the param-
eters of the model, in particular the couplings of fermions
to the extra Z boson which we denote the Z'. As in Ref.
12 we describe the charge of the Z' in terms of the U(1)
charges of the subgroup chain

E, SO(10)x U(1)& SU(5) x U(1)&x U(1)z,
where the SU(3), XSU(2)L XU(1)r groups of the stan-

dard model (SM) are embedded in SU(5). Thus, we can
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TABLE I. The charges of the conventional fermion for the extra Z boson of E6. The second- and
third-generation fermions have the same charges as the corresponding first-generation fermions.

E6 E6
Fermion Cz Cg

3 1
cosOE + sinOE

2 10 2 6

3 1
cosOE + sinOE

2 10 2 6

1 1
cosOE + sinOE

2 10 2 6

1 1
cosOF + s1118F

2 10 2V6

1 1
cosOE — sinOE

2 10 2 6

5 1
cosOE — sin OE

2 10 2 6

1 1
cosOF — SII18F

2 10 2 6

3 1
cosOE — sinOE

2 10 2 6

Q =QycosOE +QqslnOE

Q"= —QzsinOE +Q~cosOE

(2a)

(2b)

In this notation OE ——0 corresponds to the extra Z in
6

SO(10), OE ——90' corresponds to the extra Z in E6, and

tanOE ———( —, )' corresponds to the extra Z obtained
6

when E6 is broken via a non-Abelian discrete symmetry to
a rank-5 group. In practice we consider only the
minimal case of one extra neutral gauge boson assuming
that in the case of a rank-6 group where two extra Z 's

are present one is sufficiently heavy that its effects are
suppressed for the energies considered in this paper. The
quantum numbers and Z' couplings of the conventional
fermions are given in Table I.

The Z' can also mix with the standard model Z so
that the physical fields Zz and Z~ are linear combinations
of the gauge fields ZSM and ZE with mixing angle ItI.

This mixing will alter the fermions' coupling to the Z 's

to

SM E6
CL R = CL Rcosjk+ (gz'/gzo)CL, R sing ~ (3a)

write the Q' charges in terms of Q~ and Qr whose opera-
tors are orthogonal to those of QEM and that of the
standard-model Z:

MSM ——M~cos 0~ and the physical Z and Z' masses

MSM —M 0
2 2

p
tan P= M, —MsMZp

(4)

With an accurate measurement of the physical Z mass I))

will be related to Mz and can therefore be removed as a
free parameter. However, for the present, with the uncer-
tainty in the Z mass, we leave Mz and P as two in-
dependent parameters. This results in the effective
neutral-current Lagrangian

LNc = gzoZI Jzo g'z Z„'Jg

where the currents are given by J"=gf Comfy&f with
the sum over left-handed fermion fields.

Thus in addition to the parameters of the standard
model we have four phenomenological parameters to be
determined. These are Mz (the mass of the Z'), P (the
ZSM-ZE mixing angle), OE (the Qr-Q~ mixing angle),

and gz/g, (the ratio of the Z and Z' coupling con-
stants). From renormalization-group arguments' one
finds that (gz /g, ) (—'

, sin OII with the exact value

dependent on the symmetry-breaking scheme. Here we
will use the equality, which results when all U(l) groups
are broken at the same unification mass.

CL, R = —(gzo/gz')CL R Sing+ CI. R COSItI, (3b)

where CL ~ are the standard-model couplings to the Z
given by CL R (I3L —Q sin OII ) and——CL'R are the left-
and right-handed Z' charges given in Table I. In general

P will be determined by a specific model as in the case of
Ref. 14, but here we will treat it as a free parameter to be
constrained by experiment. Since P comes from the diag-
onalization of the Z -Z' mass matrix it can be expressed
in terms of the standard-model prediction for the Z mass

III. CROSS SECTIONS, ASYMMETRIES,
AND RESULTS

In calculating deviations from the standard model in ep
collisions which arise from the extra Z 's of E6 we begin
by calculating the differential cross section for the t-
channel gauge-boson-exchange process shown in Fig. 1.
This results in the following cross section for a left-
handed polarized electron and unpolarized proton:

der(eL p)
dx dy

2 2

Ix,fq(~ Q )( IbLL I
+

I
bLR I

(1 Z) )+&fq(x Q )t
I

bLR
I

+
I

bLL I
(1 X) jI

q

and for a left-handed polarized positron and unpolarized proton:

2 2 g [&f~(x Q )[ IbRL I'+
I

bRR
I

(1—J)')+&f (& Q )t IbRR I'+ IbRL I
(1 -—x) ]Idxdy zx y
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where the sum runs over quark flavors. fz(x, Q ) and f (x, Q ) are the quark and antiquark distribution function
2= q

Q =xys, and x and y are the usual scaling variables, x =Q2/2p q, y =p q/p. k.
The functions b;& are given by

c,'c,~ gz'
2 2 2 2sin O~cos Ogr Q +Mzo gzo

c;"c,'~ Q2

sin 8&cos 8~ Q +Mz

where Q~ denotes the quark electric charge and CL R and
CL z are the left- and right-handed Z and Z' charges
given by (3a) and (3b). To obtain the cross section for
right-handed electrons and positrons make the substitu-
tion L~R.

In our numerical results we use the values Mzo ——92.5
GeV, sin 8+ ——0.229 (Ref. 20), aEM '(M~)=128.5, and
the Eichten-Hinchliffe-Lane-Quigg structure functions
(set 2) given in Ref. 21. Note that Durkin and Langacker
found that sin 8~ was not sensitive to the value of OE

6

used in a fit of low-energy data even when Z -Z' mixing
effects were included. We do not include detector-
dependent radiative corrections such as bremsstrahlung
off the initial or final legs and virtual graphs in our calcu-
lations since they will depend on detector properties and
therefore are best included by experimentalists via Monte
Carlo simulations.

In what follows we explore how deviations from the
standard model caused by an extra Z boson vary with
the phenomenological parameters of the model and how
one can best observe the effects of Z"s. We find that the
most important factor in observing and interpreting such
deviations at HERA will be collecting sufficient statistics
and as a result we will pay special attention to this issue.
Although experimentalists will be far more sophisticated
in their analysis of the data we believe that our results and
conclusions provide a reasonable starting point in looking
for the effects of extra Z bosons in ep collisions.

Because the issue of statistics is so crucial to the
discovery of Z"s we give in Fig. 2 the standard-model
differential cross sections as a function of y for s =64000
GeV and s =98600 GeV so that one can appreciate the
origin of the relatively large statistical errors. This sets
the scale of the cross section used to obtain our error esti-
mates. The value s =98600 GeV represents the max-
imum center-of'-mass energy at HERA, where the lumi-

io

l0

b

IO

IO0

s

I I I I I I II

0.5 1.0

nosity is expected to be 1.5 )& 10 ' cm sec '. At
s =64000 GeV one gains a factor of 6 in luminosity and
we have found that an increase in luminosity is far more
useful in looking for the effects of extra Z 's than an in-
crease in energy. In this plot we have integrated over the
x variable from 0.1 to 1.0. The lower bound was chosen
as a compromise between the high statistics but small de-
viations at low x and the low statistics but larger devia-
tions at high x. For example, if one lowers x;„the devi-
ations tend to get swamped by the high statistics of the
low-x kinematics region where the deviations are small.
On the other hand, if one raises the value of x;„the devi-
ations are larger but the statistical significance is not im-
proved because of the lower event rate. Hence our chosen
compromise.

In Fig. 3 we study how the cross section varies with the
parameters of the extended model. In Fig. 3(a) we plot
the deviations from the standard model for the e p cross
section as a function of OE with /=0 and Mz ——150, 250,

6

and 350 GeV at s =64000 GeV and where we have in-
tegrated both x and y from 0.1 to 1. Note that the sensi-
tivity of the results to extra Z 's is highly dependent on
the value of OE and hence the specific symmetry break-

6

down of E6. In Fig. 3(b) we plot the same cross section,
this time setting OE ——O„and varying P from —0.2 to

6

+ 0.2. In both cases we show error bars which we esti-

FIG. 1. t-channel processes which contribute to the eq
neutral-current cross section.

FICx. 2. The standard-model differential cross section
der(e p~e X)/dy as a function of y obtained by integrating x
from 0.1 to 1.0. The dashed line is for s =64000 GeV and the
dot-dash line is for s =98 600 GeV .
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mate using an integrated luminosity of 600 pb ' per po-
larization. One can see that deviations caused by the extra
Z 's of E6 will be observable for a Z' of several hundred
GeV. In Fig. 4 we plot the deviations from the standard
model for the differential cross section do. /dy as a func-
tion of y for OE ——8& and /=0 for several values of Mz

6

where 5o.=o —o.sM. The error bars were determined by
integrating do. /dy over y for bins of width 0.3 centered at
0.25, 0.55, and 0.85 with an integrated luminosity of 600
pb ' per polarization. As expected the smaller Mz, the
larger the deviation from the standard model. In Fig. 5
we plot deviations in the differential cross section do. /dy

+ I.O
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56.5—

56.0—

FIG. 4. 5(do.(e p ~e X)/dy) obtained by integrating x
from 0.1 to 1.0 at s =64000 GeV' for Oz ——O„and /=0. The

6
dashed line is for Mz ——150 GeV, the dot-dash line is for
Mz ——250 GeV, and the dotted line is for Mz ——350 GeV. The
error bars were obtained by integrating y over bins of width 0.3
centered at 0.25, 0.55, and 0.85 with an integrated luminosity of
600 pb ' per polarization.
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as a function of y for several representative sets of pararn-
eters which are allowed by the present low-energy
neutral-current data as obtained by Durkin and Langack-
er with the errors determined as in Fig. 4. One can see
that the deviations allowed by current data can be quite
large although we expect that the present limits will be al-
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FIG. 3. cr(e p~e X) for s =64000 GeV and /=0 ob-

tained by integrating both x and y from 0.1 to 1.0. (a) cr as a
function of OE for /=0 and (b) rJ as a function of P for

6

OE ——0„. In both cases the solid line is the standard-model result
6

with the long-dashed lines representing 1o. deviations from the
standard model assuming an integrated luminosity of 600 pb
per polarization. The dashed line is for Mz ——150 GeV, the
dot-dash line is for Mz ——250 GeV, and the dotted line is for
Mz =350 C".eV.

FIG. 5. 5(do.(e p~e X)/dy) obtained as in Fig. 4 for
representative parameter sets allowed by present experimental
bounds. The dotted line is for OE =0&, Mz =200 GeV, and

6

/=0. 04, the dot-dash line is for OE =O~, Mz ——120 GeV, and

P = —0.25, the short-dashed line is for OE =Oz, Mz =260 GeV,
6

and P = —0.08, and the long-dashed line is for OE =O~,

Mz ——140 GeV, and /=0. 06. The error bars are obtained as in

Fig. 4.
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tered by future results including those at LEP and SLC.
We next turn to the six asymmetries which can be con-

structed with polarized electron and positron beams:
+ — + + + +

eL, —ez, eL —ez, ez —eL, , eL, —ez, ez —ez, and
eI —eL+, where the asymmetry a —P is defined as

0.04

0.02—

0.0

I I

(b)
0.2-

0.0—

—0.2— -0.4-

(c)

o (a ) —o.(/3)

cr(a)+o.(P)

We start by showing in Fig. 6 the deviations from the
standard model of the asymmetries as a function of OE,6

where der/dx dy was integrated over both x and y from
0.1 to 1.0 and 6A =3 —AsM. The errors for the asym-
metries were found using'

—O.OI
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0.2

0.0—
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-0.2 0.0

0.2

0.2

5= 1 —3 1

&1—A v'2N (a)
where A is the asymmetry N(a)=Lo(a) with L=600
pb '. Note that the various asymmetries have different
dependencies on OE so that where one asymmetry may be

6

relatively insensitive to the Z', another asymmetry may
still show measurable deviations. Thus, taken together,
we find that the asymmetry measurements will be sensi-
tive to Z's of several hundred GeV for most values of OE .

6

In Fig. 7 we look at the deviations of the asymmetries as a
function of (() for 8E ——8„and find that the deviations can

6

be quite substantial with Z"s of mass greater than 500
GeV being measurable except for very small values of (t.
In Fig. 8 we show how the asymmetries vary as a function
of y for 8E ——8„, /=0, and several values of Mz where

the error was determined using the same binning pro-
cedure as in Figs. 4 and 5. In the final figure of this se-
quence, Fig. 9, we show asymmetries for some representa-
tive parameter sets allowed by neutral-current data. They
are found to be large compared to the expected statistical
errors so it is possible that HERA could observe the ef-
fects of a Z' that has thus far eluded observation in low-
energy neutral-current data.

So far we have shown how ep cross sections and asym-

FIG. 7. Deviations from the standard model for the various
ep asymmetries as a function of P for 8& ——H„and s =64000

6

GeV ~ The figure labeling is as in Fig. 6.

metrics vary with the parameters of the extended model.
With our crude error estimates one can see that HERA
experiments should be able to measure the effects of a Z'
with mass of several hundred GeV. One can take this in-
formation and translate it into a form which describes the
reach of HERA in a more transparent fashion. In the ex-
tended model there are three free parameters once the ra-
tio (gz /g, ) has been fixed so in general the Mz mass
limit would be a two-dimensional surface which depended
on P and 8E . We will limit ourselves to two slices in this

6

three-dimensional space. In the first we take OE ——0&,

which is popular in superstring-motivated models, and see
how the limit on Mz varies with P and in the second we
set /=0 and see how the limit on Mz varies with 8E.

6

Once the experimental errors on Mzo and M~ are re-

duced one could eliminate (() as a free parameter and redo
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FIG. 6. Deviations from the standard model for the various
ep asymmetries 5(a —P) as a function of 8& for /=0 at

6

s =64000 GeV obtained by integrating do. /{dx dy) over x and

y from O. l to 1. The short-dashed line is for Mz ——150 GeV,
the dot-dash line is for Mz ——250 GeV, and the dotted line is for
Mz ——350 GeV. The long-dashed lines represent lo deviations
from the standard model for an integrated luminosity of 600
pb ' per polarization.
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FIG. 8. Deviations from the standard model for the various
ep asymmetries as a function of y for OE ——8~, /=0, and

6

s =64000 GeV' obtained by integrating do. /{dx dy) over x
from 0.1 to 1. The figure labeling is as in Fig. 6 with the error
bars determined as in Fig. 4.
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FIG. 9. 5(a —P) for some representative parameter sets al-
lowed by present experimental bounds. The line labeling is as in
Fig. 5 with the error bars determined as in Fig. 4.

the second plot with an error for Mz reflecting the uncer-
tainty in Mzo and Mz . The criteria we use in determin-

SM

ing the largest observable Z' mass for a given value of P
or OE is that the deviation of a measured quantity lies

6

outside the 95% confidence limit of the standard model.
We determine the statistical error in the standard model
for s =64000 GeV with an integrated luminosity of 600
pb ' per polarization which for the expected HERA
luminosity represents about 160 days total running time.

In Fig. 10 we show the limit on Mz vs P for the case of
OE ——0„. The values allowed by low-energy neutral-

6

current data at the 90% C.L. as determined by Durkin
and Langacker are given by the region inside the solid
curve. Improvements in the 8' mass measurement rela-
tive to the Z expected at the next generation of hadron
collider experiments will further restrict the allowed pa-
rameter space to lie inside the region bounded by the
dashed curves given by Franzini and Gilman. ' Finally,
left-right-asymmetry measurements taken at the Z pole
at SLC and LEP will be able to measure P to the accuracy
given by the dot-dash curves assuming 10 Z 's are pro-
duced. We note that the latter measurements are almost
totally insensitive to the mass of a Z' boson. Measure-
ments of the forward-backward or left-right asymmetry
off the Z pole at KEK TRISTAN, SLC, or LEP will not
further restrict the allowed region of the Mz-P plane but
if deviations from the standard model are observed these
measurements will be important in determining the pa-
rameters of the Z', given the insensitivity of the measure-
ments at the Z pole to Mz. To these curves we add two
representative curves of measurements which will be made
at HERA, cr(er ) cr(ez ) —and o(e~ ) cr(eL+). —These
measurements can probe the Z' mass to over 300 GeV in
regions not probed by other experiments. Given that devi-
ations are observed, the four other asymmetries and cr(e )

and o.(e+) will be important in determining the parame-
ters of the Z' boson.

In Fig. 11 we repeat the exercise, this time fixing /=0
and varying OE . The region under the solid curve

6

500

400 —'
~ ~

500
t4

200

100 ———
I

—0.2
I

—O. I O. I

FIG. 10. The 95%%uo-confidence-limit bounds for an extra Z'
with OE ——O„as a function of ((. The area inside the solid line

6

represents the region in Mz -P parameter space allowed by exist-
ing neutral-current data as given by Durkin and Langacker in
Ref. 7, the region outside the dashed curves represents the pa-
rameter values which would be probed by measuring M~ to 500
MeV as given by Franzini and Gilman in Ref. 13, the region
outside the dot-dash curves represents the parameter space
which can be probed by measuring the left-right asymmetry in

e +e annihilation at the Z pole with 10' Z 's, the region
under the dotted curve represents the region probed by the
o.(eL ) —cr(eR ) asymmetry in ep collisions and the region under
the short-dash —long-dash curve represents the region probed by
o.(e& ) —a(eL ) asymmetry in ep collisions. The criteria for
these limits are given in the text.

represents the parameter space ruled out by existing
neutral-current data. To obtain this curve we follow Lon-
don and Rosner with the two following changes: we use
M O=92. 3+1.7 GeV and M~ ——80.8+1.4 GeV (Ref. 22)
and the value for atomic parity violation in cesium of
Q~(Cs)= —71.7+5.8 (Ref. 23). The region under the
dashed curve represents the region which TRISTAN can
probe with measurements in e+e of the left-right asym-
metry Al+ at v's =60 GeV, with L =10 ' cm sec ' per
polarization for a running time of 10 sec, and again the
criterion that any deviation must lie outside the 95% C.L.
of the standard model. The dash-dot curve is the region
which can be probed at SLC/LEP using ALz for
U s =110GeV with the same integrated luminosity giving
10 Z 's at the Z pole, again assuming deviations greater
than the 95% C.L. To this we add our results for the
range of Mz that can be probed at HERA using the same
criteria as above. We show the o.(eL ) —o (ez+ ) and
cr(eI ) cJ(elt ) asy—mmetries which are given by the dotted
and short-dash —long-dash curves, respectively. One can
see that such measurements will extend the explored re-
gion considerably. Because of the nature of ep collisions
it is nontrivial to extract the best possible bounds for a
given set of data and we have presented the results of
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FIG. 11. The 95%-confidence-limit bounds for the mass of a
Z' as a function of OE with /=0. The area under the solid
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curve represents the region already ruled out by existing
neutral-current data, the region under the dashed curve
represents the region which can be probed by e+e collisions at
TRISTAN, the region under the dot-dash curve represents the
region that can be probed by e+e at SLC/LEP with Ms=110
GeV for the same integrated luminosity giving 10 Z 's at the
Z pole, the region under the dotted curve represents the param-
eter space that can be probed by the o(eL ) —o.(e~+) asymmetry
in ep collisions at HERA, and the region under the short-
dash —long-dash curve represents the parameter space that can
be probed by the o.(eL ) —o.(ez ) asymmetry at HERA. The cri-
teria determining these limits are given in the text.

In this paper we have studied the effect of an extra neu-
tral gauge boson on cross sections and asymmetries in ep

what we believe to be a reasonable, but nevertheless
simplistic strategy. Given more sophisticated analysis
techniques it is possible that the maximum Z' mass that
can be detected would be larger than the bounds we have
presented here.

IV. CONCLUSIONS

colliders. We have found that deviations from the stan-
dard model allowed by present experimental data are large
although it is likely that new data from the e+e collid-
ers SLC and LEP will change these limits, either by im-
proving them or by observing deviations from the stan-
dard model.

Nevertheless ep physics will contribute to our under-
standing of extra Z bosons should they exist. This is be-
cause in e+e collisions the first hint of new physics is
likely to manifest itself as deviations from the standard
model at the Z pole where the statistics will be greatest.
However, at the Z pole it is not possible to extract the
values of HE and P simultaneously. To do so one must

6

make measurements at a different value of s where the
statistics will be much poorer. Thus even if evidence for
an extra neutral gauge boson is observed in e+e col-
lisions the complementary measurements at HERA will
be necessary to determine its parameters. On the other
hand, if no such evidence exists, it does not rule out the
existence of an extra neutral gauge boson, only that its
mixing with the standard-model Z is small. In this case
it is still possible that HERA will discover a Z' that has
thus far eluded observation.

Our conclusion is that measurements in ep collisions at
HERA will be a powerful tool in either detecting the pres-
ence of an extra neutral gauge boson, or if one has already
been discovered, in measuring its parameters. In com-
bination with e+e measurements it should be possible to
explore mass scales of up to several hundred GeV for the
existence of an extra E6 neutral gauge boson.
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