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Abstract

We consider the Drell-Yan production of an extra Z boson
from the Fg 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(1) groups in Eg. We discuss
how to determine this mixing by examining the extra Z bo-
son couplings to fermions through its decay modes and u*pu~
forward-backward asymmetries. We also discuss different mass
scales of the exotic fermions present in the 27 representations
of Ee.

Recent work on superstring theories has indicated that the
Es x E} superstring theory in 10 dimensions may yield, after
compactification, a four-dimensional Eg gauge group of the
strong and electroweak interactions coupling to N = 1 super-
gravity. Since Eg 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 Ejg is broken to a rank 5 group,2 -

or special cases when Eg is broken to a rank 6 group.‘r’ % 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 /s = 40 TeV, and
discuss how to distinguish the particular E¢ breaking scheme
by studying the couplings of the extra Z to fermions using
utu~ forward-backward asymmetries and fermion-antifermion
branching ratios.

To analyze the effects of an extra neutral gauge boson in
Es, consider the breakdown

Eg — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y . (1)

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

Q(a) = Qycosa+ Qysine. (2)

The Z boson associated with this generator will be called Z(a).
If Eg is broken to a rank 6 group the mixing angle a (denoted
by 6 in Ref. 7) is unconstrained. However, if Eg is broken to
a rank 5 group, « is uniquely determined and has the value
a = tan"!(/3/5) (we call this special case the Z’). In ad-
dition to the cases @ = 0 (Zy) and a = 7/2 (Z,) there is
the special value o = tan~!(—+/5/3) (Zr) corresponding to an
extra SU(2) group at electroweak energies.’ ’

In an Eg theory, each generation of fermions belongs to a
27 representation. The decomposition of the 27 into SO(10),
SU(5) and SU(3) multiplets and the fermion quantum numbers
Q (charge), I31, (weak isospin) and @ (extra U(1) charge) are
given in Table 1. Note that Q depends on the mixing angle .

In addition to the usual fermions @' ,'@, ¢* and v, there is a
charge —-% quark isosinglet h, charged leptons E* and neutral

leptons vg, Ng, N, and n.

The neutral current Lagrangian for the Eg models with
one extra Z at low energies is Lyc = eA,Jh, + gZZ,,Js +
' (a),,J;( «) Where Jén, and J7 (= J§ — zw Q¥) are the usual
electromagnetic and Z boson currents and JZ( @) = %E y f*

(1 — 75)Qf. 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 ug coupling to Z(e) is gr(u) = —gL(u’) = —az). The
coupling constant g’ with our normalization of Q chargesis g’ =
e//1—zw , and gz is given as usual by gz = e/\Tzw1 — zw
where zw = sin?fy. In general, Z and Z(a) may mix, but
fits to low-energy neutral-current data for the rank 5 value of
o (tan a = 4/3/5) show that this mixing is very small’ Hence
we shall ignore Z — Z(a) mixing in our analysis.

The partial width for the decay of Z(a) into a fermion-
antifermion pair in the limit m; <« Mg(,) is T(Z(a) — ff) =

CemMz(s) [6(1 — zw)] ! (g2 + g%)cs , where gz, and g are the
left- and right-handed couplings which can be read off from
Table 1, and ¢y is 1 for leptons and 3 for quarks. We take
the fine structure constant to be o,l(Mw) = 128.5. If ng
generations of exotic fermions contribute fully (i.e., with no
phase space suppression) in Z(a) decays then the total width
is

T(Z(e)) = demMz(q) [2(1 — zw)] ™

x [10a? + 5a3 + ng (15 — 102} — 5a3) /3] .

If ng = 3 the width is independent of the mixing a : I'(Z(a)) =
0.025 Mz(,). Figure la shows the Z(a) width versus cosa
when the Z(a) decays to all exotic fermions are inaccessible.

The Z(a) decays into exotic fermions about 50-80% of the
time (depending on «) 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 Z () branching ratios versus cos a in the two extreme
cases ng = 0 and ng = 3. The ete™ branching fraction varies
from 3.3% to 6.7% (0.7% to 3.0%) for ng = 0 (3). Exotic
fermion branching fractions for ng = 3 are given in Fig. 1c.

The differential cross section for the reaction ¢g — utpu~

(or ete™) in a model with two Z bosons in the limit of negli-
gible fermion masses can be written

2
do¥?  wal,

_—— = 2 p* 9 0 4
T = o [Sal1+cos?0%) + Ag2cos ] (4)

where 8* is the angle of the outgoing u#~ with respect to the
quark q in the ¢7 center of mass, m is the lepton-pair mass and
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Sor Ag = 2 (95/9)" an/e)* m* (5)

ik
x [(m? = M?)(m? — M}) + M;MT,;T4] D7 D!

 [dh 10k (1) + chu)ok ()] [sh(@)eb (o) = ohladok(a)] /4

'where g;, M; and I'; are the gauge boson cc_mplipg strengths,
Imasses and widths, respectively and the Breit-Wigner depom—
inators are D; = (m? — M})? + MfI‘f For the photon (j,k =
0),g90=¢, Mo =I0=0 and the photon couplings to a f?rmion
f are g3(f) = g%(f) = Q. The hadronic cross section for

A+B—putu Xis

do(8%)

d 2z 4% (
dmdy;cosa* = :;mf ZQ:{fQ/A(zA)fq/B(zB)dcosﬂ' ®)
d - 6*
x fq/A(TA)fq/B(”B)’gd(cL“Fl }K

where y is the rapidity of the lepton pair, z4 B = mexp(+y)/
V'3, fyja(z4) is the distribution of ¢ in hadron 4, and the m?
dependent K factor is taken from Ref. 9. If we define functions
GE(y, m?,v/8) = fo/a(za) fy/B(zB) £ fyja(za) fo/B(2B) then

do _
dmdydcos6*

nol,TATp

3 (™

(3m3)

X Z {Sq(l + cos? *)ed + Aq2cosﬁ'Gq_} K.
q9

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

do -
ol 8mad,(9ms)™ ) S HIK ,
! (®)

Hqi(mz,\/g) = /dy G;h(y,mz,\/g) .

where the y integration limits are +1n/s/m.

To study the extra Z boson on resonance we integrate over
m to obtain

d 7 2oem .
dy::ios #* ~ 4s(1 - P Z{ [91,(11)2 + gx(q)’] (1+cos8*)GF)
q

lor(1)? — gr(1)?]
l9R(1)? + gL (1)?]

[98(9)* - 91.(a)?] 2c0s6*G; }

X B(Z(a) — u*u)K . ©®
The total production cross section for Z(a) — ptu~ is
o(2()) = o2 S (010 + ga(0)]
3s(1 - zw) 5 (10)

x Hf B(Z(a) » ptu7)K .

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

do¥ |dy ~ doB /dy
doF jdy + doB /dy
3 Jon(w)? —9w? Lqlor@? -9r(9)’] G
" 1 [gr(w)? + 9w T, [9r(0)? +9L(2)?] G

AFB(y) =

(11)

where forward (backward) is defined in the Z(c) rest frame
as 0* < (0‘ > %) Exact double zeroes in A¥P occur when
a; = *az (cosa = /3/8, 1) because for those o values
ar(u)? — gr(n)® = gr(d)? — gr(d)® — O and the u quark,
which always has an axial vector coupling to Z{a), does not
contribute to the numerator in Eq. (11). AFZ(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 G;}' with
H;E. For pp reactions the appropriate quantity is

AFB = (Jom VoI dy — 12, yapm 4y)(do"dy = do® /dy)

(JaVaI™ dy + [\, iy du)(do" /dy + do® dy)
(12)
pp colliders. Using Eq. (10), we can calculate the production
cross section of Z(a) at /s = 630 GeV for the CERN pp

collider using the structure functions of Ref. 11. Figure 2a
shows the lower limit on Mz, versus cos o deduced from the

combined UA1-UA2 upper limit'? of 6B < 3 pb on an extra
Z boson in its ete™ decay channel, for the cases ng = 0 and
ng = 3. Also shown is the lower bound on Mg(,) 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 Mjz(q) at /s = 2 TeV. The shaded bands
correspond to variations with the mixing angle a. This depen-
dence on « is shown in Fig. 2c for specific values of the Z ()
mass. In Fig. 3a the integrated forward-backward asymmetry
computed using Eq. (11) is shown. With an annual luminosity
f £ =1 pb~! one expects from 1 to 20 events in each dilepton
channel for Mz(,) = 300 GeV.

pp colliders. A high luminosity pp collider will be an excellent
source for producing the Z(a) boson. From Eq. (8), we calcu-
late do/dm for pp — Z(a}X, Z(c) — ptu~ at /s = 40 TeV
as a function of dilepton mass m; the results are shown in
Fig. 4a for Mz(,) = 0.5 and 1 TeV. The Z(a) peaks are shown
for the two extreme cases ng = 0 and ng = 3. The total
Z () production cross sections and cross section times leptonic
branching ratio as a function of Z(«) mass are given in Fig. 4b;
the a dependence is shown in Fig. 4c for M. Z(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 e, for
M Z(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 Eg theories
should be easily detectable through its leptonic decays in a
pp machine at /s = 40 TeV with integrated luminosity [ £ =
10* pb~1, irrespective of the mixing angle o or the exotic
fermion masses. If the exotic fermion decay channels of the
Z(e) are kinematically inaccessible then even higher Z(a)
masses may be probed. The Z(o) 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) — ptp~ and Z (o) branching ratios will further
constrain a for Z(a) masses below about 1 TeV; if the exotic
fermion decays are kinematically suppressed, a good determi-
nation of a may be possible if Mz(a) 5 1.5 TeV.
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Table 1. Decomposition of 27 and fermion quantum numbers. The Q charges a; are given

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

| so(10) su(s) ~ Left_handed g
16 10 e ¢, d,u,u’ o =1/3 (\/.'I»/—Scosa + \/?;/—S_Sin a)
5* dye”, v, as =2/3 (\/5/_3§cosa — 4/27/32sin a)
1 N¢ a3 = v/10/3 (1/4cos & + +/15/4 sin a)
ag =2/3 (—\/S/_Scosa + \/S/—BSina)
as =2/3 (—\/%cosa - \/?T/—Ssina)
ag = \/1_6/3 cos a

10 5* hé,E~,vp
5 h,E~¢,Ng
1 1 n
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Fig. 1. Properties of Z(c) decays versus cosa: (a) total rate and (b) branching
fractions of known fermions for ng = 0; branching fractions of (c) exotic
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Fig. 2. (a) Lower bounds on extra Z boson in Eg versus cos a deduced from UA1/UA2 searches

for Z — ete” at /s = 630 GeV. The solid (dashed) curve assumes ng

0 (3).

The dotted curve denotes the lower bound on My(,) from neutral-current data. Pre-
dictions for Z(a) production at the 2 TeV Fermilab pp collider: (b) o of Z(a) and
0B (Z(a) — e*e™) versus My(,), for the two extreme cases ng = 0 and 3 exotic
fermions. The shaded regions correspond to the range allowed by varying a. (c) o

and 0B for Mz(,) = 200 and 300 GeV shown versus cos c.
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Fig. 3. Forward-backward asymmetries for the reactions pp— Z ()X, Z(e) —

ete” or utu~:

(a) asymmetry integrated over y versus cos a for pp at

Vs =2 TeV, Mz(y) = 200 (solid curve) and 300 GeV (dashed), and pp at
Vs =40 TeV, Mz(,) = 0.5 (dot-dash) and 1 TeV (dotted); (b) asymmetry
versus y for representative cos & for pp at /s = 40 TeV, M. Z(a) =1 TeV.
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Fig. 4. Predictions for Z' (cos a = 1/5/8) production in a pp collider at \/s = 40 TeV:
(a) do/dm(pp — ete”X) versus dilepton invariant mass for Mz = 0.5 and
1 TeV; the solid (dotted) curves correspond to ng = 0(3); (b) o and 0 B(Z () —
ete™) for producing Z(a) versus M3z(a); the shaded regions correspond to the
range allowed by o; (c) o and 0B(Z(a) — e*e™) for Mz(,) = 0.5 and 1 TeV
versus cos a.
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