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Abstract

We consider the Drell-Van production of an extra Z boson
from the Ea electroweak gauge group in pp and pp colliders.
If there is only one extra Z at electroweak energies, it may
be a mixture of the two extra U(l) groups in Ea. We discuss
how to determine this mixing by examining the extra Z bo
son couplings to fermions through its decay modes and p,+p,
forward-backward asymmetries. We also discuss different mass
scales of the exotic fermions present in the 21 representations
of Ea.

Recent work on superstring theories Ihas indicated that the
E8 x E~ superstring theory in 10 dimensions may yield, after
compactification, a four-dimensional Ea gauge group of the
strong and electroweak interactions coupling to N = 1 super
gravity. Since Ea has rank 6, the possibility exists for one or
two extra Z bosons. Many authors have discussed the proper-
ties of extra Z bosons when Ea is broken to a rank 5 group~-4

or special cases when Ee is broken to a rank 6 group~,a Con
straints from low-energy neutral current experiments and pro
duction at the Tevatron in the general case of one light extra
Z boson have also been examined: In this article we extend
the previous analyses to include the production and detection
of the extra Z boson in a pp collider at ~ = 40 TeV, and
discuss how to distinguish the particular Ea breaking scheme
by studying the couplings of the extra Z to fermions using
p,+J.L- forward-backward asymmetries and fermion-antifermion
branching ratios.

In addition to the usual fermions \".L) , eli, e± and l/e there is a
charge -! quark isosinglet h, charged leptons E± and neutral
leptons l/E, NE, N e and n.

The neutral current Lagrangian for the Ea models with
one extra Z at low energies is tHe = eAJjJfm + gzZJjJi +
g'Z(a)JjJi(Q) where Jfm and Ji (= J: - xwQJj) are the usual

electromagnetic and Z boson currents and Ji(Q) = i L/ !'"YJj

(1 - '"Ys)Q/. The summation is over the left-handed states
in Table 1. Note that the couplings of a left-handed charge
conjugate state give right-handed couplings of opposite sign
(e.g., the UR coupling to Z(a) isgR(u) = -9L(UC

) = -a2). The
coupling constant g' with our normalization of Qcharges is g' =
e/VI - Xw , and gz is given as usual by 9Z = e/JXWV1 - Xw
where Xw = sin2 fJw. In general, Z and Zeal may mix, but
fits to low-energy neutral-current data for the rank 5 value of
a (tan a = v'3/5) show that this mixing is very small~ Hence
we shall ignore Z - Zeal mixing in our analysis.

The partial width for the decay of zeal into a fermion
antifermion pair in the limit m/ ~ MZ(Q) is r(Z(a) -+ II) =
aemMZ(Q) [6(1 - xw)r1 (g1 +gh)c/, where gL and gR are the
left- and right-handed couplings which can be read off from
Table 1, and CI is 1 for leptons and 3 for quarks. We take
the fine structure constant to be a;~(Mw) = 128.5. If na
generations of exotic fermions contribute fully (i.e., with no
phase space suppression) in Zeal decays then the total width
is

To analyze the effects of an extra neutral gauge boson in
Ea, consider the breakdown 7,8

r(Z(a)) = aemMZ(Q) [2(1 - XW)]-l
(3)

Ea -+ SO(10) x U(l)t/I -+ SU(5) x U(lh x U(l)t/I . (1)

If there is one light extra Z boson it will be a linear combination
of the two extra U (1) 's

(2)

The Z boson associated with this generator will be called Z (a).
If Ea is broken to a rank 6 group the mixing angle a (denoted
by fJ in Ref. 7) is unconstrained. However, if Ea is broken to
a rank 5 group, a is uniquely determined and has the value
a = tan-1

( v'3/5) (we call this special case the Z'). In ad
dition to the cases a = 0 (Zt/I) and a = 1r/2 (Zx) there is
the special value a = tan-1 ( - V5f3) (ZI) corresponding to an
extra SU(2) group at electroweak energies:,8

In an Ea theory, each generation of fermions belongs to a
21 representation. The decomposition of the 21 into SO(10),
SU(5) and SU(3) multiplets and the fermion quantum numbers
Q (charge), 13L (weak isospin) and Q (extra U(l) charge) are
given in Table 1. Note that Qdepends on the mixing angle a.

x [10a~ + 5a~ + na (15 - 10a~ - 5an /3]

If na = 3 the width is independent of the mixing a : r (Z(a)) =
0.025 MZ(a)' Figure la shows the Z(a) width versus cos a
when the Z(a) decays to all exotic fermions are inaccessible.

The Zeal decays into exotic fermions about 50-80% of the
time (depending on a) when all channels are kinematically
unsuppressed, so branching ratios of the usual fermions are
very dependent on the exotic fermion masses. Figures 1b and
1d show Zeal branching ratios versus cos a in the two extreme
cases na = 0 and na = 3. The e+e- branching fraction varies
from 3.3% to 6.7% (0.7% to 3.0%) for na = 0 (3). Exotic
fermion branching fractions for na = 3 are given in Fig. Ie.

The differential cross section for the reaction qq -+ J.L+ J.L
(or e+e-) in a model with two Z bosons in the limit of negli
gible fermion masses can be written

doqij 1ra2

--=~ [Sq(l + cos2 9*) + Aq2cosfJ*] (4)
dcos9* 2m2

where 9* is the angle of the outgoing p,- with respect to the
quark q in the qq center of mass, m is the lepton-pair mass and
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(7)

(8)

(11)

FB dqF /dy- dqB/dy
A (y) = dqF/dy + dqB/dy

_ ! [9R(P)2 - 9L(p)2] Eq [9R(q)2 - 9L(q)2] Gi
- 4 [9R(P)2 +9LCp)2] Eq [9R(q)2 +9L(q)2] G4

( foIn .,fi/m dy - f~ In .,f6/m dy) (duF / dy - duB / dy)
AFB = +---=-:-----.:-.....:....--~;__-------t-

(foIn.,fi/m dy + f~In.,fi/m dy)(duF/dy + duB /dy) .
(12)

pf? colliders. Using Eq. (10), we can calculate the production
cross section of Z(a) at vIS = 630 GeV for the CERN pp
collider using the structure functions of Ref. 11. Figure 2a
shows the lower limit on MZ(a) versus cos a deduced from the

combined UA1-UA2 upper limit 12 of uB ~ 3 pb on an extra
Z boson in its e+e- decay channel, for the cases nG = 0 and
nG = 3. Also shown is the lower bound on MZ(a) deduced

from fits to neutral-current data! All limits are at the 90%
confidence level.

The pp total cross section and lepton pair signal are shown
in Fig. 2b versus MZ(a) at y'S = 2 TeV. The shaded bands
correspond to variations with the mixing angle a. This depen
dence on a is shown in Fig. 2c for specific values of the Zeal
mass. In Fig. 3a the integrated forward-backward asymmetry
computed using Eq. (11) is shown. With an annual luminosity
f ,£ = 1 pb-1 one expects from 1 to 20 events in each dilepton
channel for MZ(a) = 300 GeV.

pp colliders. A high luminosity pp collider will be an excellent
source for producing the Zeal boson. From Eq. (8), we calcu
late du/dm for pp -+ Z(a)X, Z(a) -+ ~+~- at vIS = 40 TeV
as a function of dilepton mass mj the results are shown in
Fig. 4a for MZ(a) = 0.5 and 1 TeV. The Zeal peaks are shown
for the two extreme cases nG = 0 and nG = 3. The total
Zeal production cross sections and cross section times leptonic
branching ratio as a function of Z(a) mass are given in Fig. 4bj
the a dependence is shown in Fig. 4c for MZ(a) = 0.5 and
1 TeV. The forward-backward asymmetry defined in Eq. (11)
is shown in Fig. 3b versus y for various values of cos a, for
MZ(a) = 1 TeV; the integrated asymmetry of Eq. (12) is given
in Fig. 3a as a function of cos a.

For masses below 4 TeV the Z (a) boson of E6 theories
should be easily detectable through its leptonic decays in a
pp machine at y8 = 40 TeV with integrated luminosity f 1:, =
104 pb-I, irrespective of the mixing angle a or the exotic
fermion masses. If the exotic fermion decay channels of the
Zeal are kinematically inaccessible then even higher zeal
masses may be probed. The zeal mass and production cross
section will provide some information on a. For no phase
space suppression of exotic fermions in Z(a) decays, accu
rate measurements of forward-backward asymmetries in pp-+
Z{a)X, Z(a) -+ JL+p- and Z(a) branching ratios will further
constrain a for Zeal masses below about 1 TeVj if the exotic
fermion decays are kinematically suppressed, a good determi
nation of a may be possible if MZ(a) $ 1.5 TeV.

where forward (backward) is defined in the Z(a) rest frame
as ()* < j «()* > j). Exact double zeroes in AFB occur when
al = ±a2 (cos a = V3!8, ±1) because for those a values
9R(JL)2 - gd~)2 = gR(d)2 - gL(d)2 -+ 0 and the u quark,
which always has an axial vector coupling to Zeal, does not
contribute to the numerator in Eq. (11). AFB(y) is even (odd)
in y for pp (pp) machines. For pp reactions, an AFB integrated
over y can be obtained from Eq. (11) by replacing Gi with
Ht. For pp reactions the appropriate quantity is

dq _ 1l"Q~mXAXB

dmdyd cos (J* - (3m3 )

x I: {Sq(l + cos2 6*)Gt + Aq2cos6*Gq}K .
q

du 2 ( )-1 '"' +dm = 81raem 9ms L- SqHq K ,
q

Hi(m2 ,yIS) = Jdy Gi(y,m2 ,yIS).

where the y integration limits are ± In vIS/m.
To study the extra Z boson on resonance we integrate over

m to obtain

To study the helicity structure of the Z(a) couplings, as ex
hibited by the coefficients Sq and Aq in Eq. (7) one may look
at the forward-backward asymmetry as a function of y

where y is the rapidity of the lepton pair, XA,B = mexp(±y)/
vIS, Iq/A(XA) is the distribution of q in hadron A, and the m 2

dependent K factor is taken from Ref. 9. If we define functions
G'i(y, m 2 , VB) = Iq/A(XA)lq/B(XB)±/q/A(XA)!q/B(XB) then

In our calculations below we use the structure functions of
Ref. 10, except where noted otherwise, and sum over tt, d and s
quark contributions. The mass dependence of the cross section
is then

The total production cross section for Z(a) -+ p.+p.- is

Sq, Aq = L (g;/e)2 (gle/e)2 m
4 (5)

;,Ie
X [(m2-Mj)(m2-Mi) +M;Mkr;rk) Dj1D;1

x [gi(~)gi(~) ± g~(~)g~(~)] [gi(q)gi(q) ± g~(q)g~(q)] /4
where g' M· and r· are the gauge boson coupling strengths,
I

J' J J. . •
,masses and widths respectIvely and the BreIt-WIgner denom-
inators are D· = (:n2 - M~)2 + M~r~. For the photon (i, k =

J J J J •
0), go = e, Mo = ro = 0 and the photon couplings to a fermIon
I are g1(f) = g~(f) = Qf· The hadronic cross section for
A + B -+ ~+~-X is

dq 2XAxB ~{ dq(6*) (6)
dmdydcos6* = (3m) Lq Iq/A(XA)Jij/B(XB) dcos6*

dq(1l" - 6*) }
X lij/A(XA)lq/B(XB) dcos9* K
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Table 1. Decomposition of 21 and fermion quantum numbers. The Qcharges iii are given

as an amplitude times a factor which varies with a over the range -1 to +1.

SO(10) SU(5) Left - handed Qstate

16 10 e-c,d,u,uc al = 1/3 ( .J578cos a + .j3j8sin a)

5* dC,e-,ve a2 = 2/3 (y!5/32cosa- y!27/32 sin a)

1 NC a3 = .;w/3 (1/4 cos a + ~/4sina)e

10 5* hC,E-,VE a4 = 2/3 (-y'578cosa+ ..j3J8sina)

5 h,E-c,NE as = 2/3 ( - y'578cos a - J378sin a)

1 1 n QE) = .;w/3 cos a
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Fig. 1. Properties of Z(o:) decays versus cos 0:: (a) total rate and (b) branching
fractions of known fermions for no = OJ branching fractions of (c) exotic
fermions and (d) known fermions for no = 3.
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Fig. 2. (a) Lower bounds on extra Z boson in Es versus cos 0: deduced from UAl/UA2 searches
for Z -> e+e- at ..;8 = 630 GeV. The solid (dashed) curve assumes nG = 0 (3).
The dotted curve denotes the lower bound on Mz(o) from neutral-current data. Pre
dictions for Z(o:) production at the 2 TeV Fermilab pp collider: (b) u of Z(o:) and
uB (Z(o:) -> e+e-) versus Mz(o) , for the two extreme cases nG = 0 and 3 exotic
fermions. The shaded regions correspond to the range allowed by varying 0:. (c) u
and uB for MZ(o) = 200 and 300 GeV shown versus cos 0:.
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Fig. 3. Forward-backward asymmetries for the reactions pp)-+ Z(a)X, Z(a) -+

e+e- or p,+"C: (a) asymmetry integrated over y versus cos a for pp at
JS = 2 TeV, MZ(a) = 200 (solid curve) and 300 GeV (dashed.), and pp at
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Fig. 4. Predictions for Z' (cos a = V5f8) production in a pp collider at JS = 40 TeV:
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1 TeVj the solid (dotted) curves correspond to nG = 0 (3)j (b) u and uB(Z(a) -+

e+e-) for producing Z(a) versus MZ(a)i the shaded regions correspond to the
range allowed by aj (c) u and uB(Z(a) -+ e+e-) for MZ(a) = 0.5 and 1 TeV
versus cos a.
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