
PHYSICAL REVIEW D VOLUME 35, NUMBER 7

Brief Reports

1 APRIL 1987

Brief Reports are short papers which report on completed research which, while meeting the usual Physical Review standards of
scientific quality, does not warrant a regular article (A.ddenda to papers previously published in the Physical Review by the same
authors are included in Brief Reports )A B. rief Report may be no longer than 3~~ printed pages and must be accompanied by an
abstract. The same publication schedule as for regular articles is followed, and page proofs are sent to authors

off-peak lepton asymmetries from new Z's

Jonathan L. Rosner
Enrico Fermi Institute and Department of Physics, Uniuersity of Chicago, Chicago, Illinois 60637

(Received 22 September 1986)

Neutral heavy gauge bosons have characteristic vector and axial-vector couplings to quarks and
leptons. The hadronic process pp~(y*, Z, . . . )+ - - ~l l++, where l =e,p, ~, exhibits
characteristic forward-backward asymmetries whenever the lepton pair is not at rest in the pp center
of mass. These asymmetries can be used to probe the couplings of a new boson. Attention is paid to
such asymmetries for dilepton masses in the interference region between the new boson and the Z .

I. INTRODUCTION II. EXTRA Z's

Despite substantial evidence in favor of SU(2) &&U(1) as
the electroweak gauge group, present experiments do not
say much about new neutral gauge bosons much heavier
than the Z (Refs. 1 and 2). Proposed hadron colliders
will be able to search for such bosons up to several TeV
(Ref. 3). Grand unified and superstring theories lead us
to expect a variety of neutral bosons. If one is seen, how
can we tell which one it is?

Neutral gauge bosons beyond the photon and Z have
characteristic vector and axial-vector couplings to matter
reflecting properties of the unifying group. Several tests
for these couplings have been proposed recently, including
the analysis of neutral-current reactions, ' the detailed
study of branching ratios, and the measurement of
forward-backward asymmetries of leptonic decay prod-
ucts. These asymmetries have been discussed both for ha-
dronic ' ' and for e+e (Ref. 10) production.

When the dilepton production amplitude receives im-
portant contributions from conventional (y*,Z *) as well
as new bosons, the interference between the known and
unknown amplitudes provides additional information on
couplings. Here we study forward-backward lepton asym-
metries in the reaction pp~l l++, as a function of
dilepton mass, to obtain this information. We shall show
that measurement of these asymmetries off resonance
peaks is particularly helpful, and investigate the statistical
demands made by such a measurement.

We utilize recent discussions of extra Z's motivated by,
but more general than, superstring theory. The properties
of such extra Z's are reviewed briefly in Sec. II, along
with well-known formulas for asymmetries on and off a
resonance peak. Our results are contained in Sec. III.
Section IV summarizes our work.

A. An "extra-Z" primer

B. Vector and axial-vector couplings
of neutral gauge bosons

The vector and axial-vector couplings of the gauge bo-
son B" (et=y, Z, . . . ) to a fermion f are denoted CP'z,
normalized such that

Waf —— PIy„(CP' +y5C~—' )PfBa . (2)

We imagine a grand unified theory (GUT) which in-
corporates SU(5), at least approximately, into the cou-
plings of any new neutral gauge bosons to matter. In E6
models, of current interest because of superstrings, there
are then two such bosons, which we may call Z~ and Z&.
The first of these arises when E6 breaks down to an
SO(10)XU(1). The second arises when SO(10) breaks
down to SU(5)&&U(1). We assume that the lowest-lying
"extra Z" is an arbitrary mixture of Z~ and Z& ..

Z (0)=Z~ cosl9+ Zr sin8,

where 0 is a mixing angle to be determined. We shall take
the coupling strengths of the U(1)'s to be the same as that
of the weak hypercharge. '

Specific values of 8 are interesting in GUT and super-
string theories. The values 6I=0', 90' correspond to pure
Z~, Zz. The value 6=arctan( —, )'r =37.78' describes a
boson sometimes denoted' Zz or Z', which arises when
E6 is broken to a rank-5 subgroup at the unification scale
in superstring theories. The boson orthogonal to this, cor-
responding to 0= —arctan( —, )' =127.78', is sometimes
called ZI.
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The specific couplings for the photon, the standard Z,
and Z(8) are shown in Table I. Here

gz —=e /[x(1 —x)], x =sin 8~,
ge =——,'e /(1 —x),

and"

(3)

A —=cos8/(2v 6), B—=sin8/(2v 10) .

C. Partial and total widths of new Z's

This corresponds to I /M=2. 5%%u~. We shall use this
value in subsequent discussions. ' When all exotic chan-
nels are closed, the width is about 20—50% of (5), de-
pending on 8 (Ref 2). .Thus new Z's are likely to be fairly
narrow. Their couplings are governed by U(1) strengths,
which are weaker than the SU(2) contributing to the Z 's

coupllngs.

D. Hadronic poduction of new bosons

We use standard Drell-Yan expressions for cross sec-
tions and forward-backward asymmetries in lepton-pair
production by hadrons. ' ' We define

The Z(8) discussed above can couple to exotic fer-
mions as well as ordinary ones. ' ' If all the decay chan-
nels to exotic fermions are open, we find a simple expres-
sion for the total Z(8) widths, independent of 8:

I (Z (8) ) = —,aEMM(Z (8))/(1 —x) .

6—=M —M, y:—MI
D (g 2+y 2) —1

X p=D~Dp(h hp+y yp),

(6)

A, = gx.p(cf: cqP+cq ctt, P)
a, p

x(c,"c„"+c„'c,p) .

Here 0* is the c.m. angle of the negative lepton with
respect to the quark direction. To calculate the cross sec-
tion for lepton-pair production in the collision of hadrons
A and B, we use the structure functions of Ref. 3. We
consider only the effects of u and d quarks. The momen-
tum fractions of the quarks in hadrons A and 8 are

x„=(M/vs )e~, xs=(M/vs )e

where v s is the total c.m. energy of the hadrons. Then'

where M and I are the mass and width of gauge boson
a, and M is the effective mass of the lepton pair. The
contributions to the cross section for qq~e e+ which
are symmetric and antisymmetric in cosO' are proportion-
al to

s, —= gx.p(cf: CPP+cq cqP)
a, p

X (C~'~ce'P+ Ce'~ce'P)

do(pp~l l++ . . )01=
dM dy d (cos8* )

[fq (x„)f(xs)+f~ (xz—)fq (xs)]Sq(1+cos 8 )+ g [fq (xz)f (xp) f (xz )fq(xs)]2Aq cos8
q

, (10)

where the f's are the structure functions. The forward-
backward asymmetry, as a function of y and M, is

A (y, M) =o (y,M)/a (y,M),
where

1 0
o —+

(y, M) = f + f d (cos8*)crt . (12)

A is an odd function of the gauge boson's rapidity y for
proton-proton interactions. '

III. RESULTS FOR ASYMMETRIES

A. Asymmetries at resonance peak

We show in Fig. 1 the forward-backward asymmetry
in leptons as a function of y for various values of the mix-
ing angle 0 describing the new Z. These asymmetries are
small for a wide range of 8. All the vector couplings in
Table I vanish for 0=0, so that the on-peak asymmetries

TABLE I. Vector and axial-vector couplings.

Fermion

Boson Cv
u quark

Cv
d quark

Cv
Electron

y
Zo

Z(0)

2e /3

gz( — +2x /3)
0

0

gz /4

gg(A +B)

—e/3
gz( 4

—x/3)
—2ggB

—gz/4

gg(A —B)

—e
j.

gz( 4
—x)

2ggB

—gz/4

gg(A —B)
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FIG. 1. Forward-backward asymmetries in pp ~Z (8)
+ . ~1 1++ for V s =40 TeV, as a function of rapidi-
ty. Here M(Z(8)) =1 TeV. Interference with y*,Z* has been
taken into account.

vanish there. A second zero of the asymmetries' occurs
at tan8=( —', )'~ (8=52'), for which the axial uector c-ou-

plings of the d quark and lepton vanish.

B. Off-peak asymmetries

4-( — 20-(

IO—

One learns more about the vector and axial-vector cou-
plings of new gauge bosons by measuring asymmetries of
lepton pairs produced off the resonance peak. This sug-
gestion' seems feasible at the proposed Superconducting
Super Collider (with v s =40 TeV) for gauge bosons up to
about a TeV in mass. Above this value, the statistical
power of the method is limited by the low cross section '
in the interference region between the standard and new
Z.

We show in Fig. 2 the F+B contributions (12) to the
cross section, evaluated at y =2. For bosons with small
on-peak asymmetries, the off-peak asymmetries are larger.
For these cases one evaluates the asymmetries not at the
resonance peak, but over a wide mass range on one side of
the peak.

FIG. 3. Forward-backward asymmetry as a function of mix-
ing angle 8, integrated over ranges of dilepton mass M. Here
M(Z (8) )=750 GeV.

AFg(Mp) =o (Mp)/cr" + (Mp),

where

(13)

Xdyo. +-(y,M) . (14)

The error bars correspond to the statistical precision pos-
sible with an integrated luminosity of 10 pb '. Convinc-
ing asymmetries can be measured both for the Z~ (the
case 8=0) and for the Z„,as well as for most other
values of 0. In the absence of any other contributions, the
asymmetry at the Z~ peak would vanish, since all the
couplings of the Z~ to ordinary matter are axial-vector
couplings. For the Zz the asymmetry has also been
shown negligible at the resonance peak.

We have explored the mass range over which it makes
sense to measure asymmetries. If the lower limit Mp of
this range is too close to the Z, all the information about
the new boson will be washed out by the contribution of
the virtual photon and Z . For a 750-GeV/c boson, we
have found that this lower limit is about 500 GeV/c .
We show in Fig. 3 two examples of an integrated asym-
metry of the form

0: 0—

(

IO—

IV. CONCLUSIONS

A. Comparison of on-peak and off-peak asymmetries
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FIG. 2. Forward+backward cross sections at y =2 as a func-
tion of dilepton mass, for reaction considered in Fig. 1. (a)
8=0 (Z~); (b) 8=38' (Z„);(c) 8=90 (Zz); (d) 8=128 (Z
Solid curves, F+B;dashed curves, F—B.

What is gained by measuring off-peak asymmetries,
when the rates at the resonance peak are so much greater?
A comparison of Fig. 3 with the on-peak asymmetries im-
plied by Fig. 1 shows that there is a wide range of cou-
plings (essentially —10 &8&70') for which the on-peak
asymmetries will be very small, as a result of their double
zeros at 0=0' and 52. The off-peak asymmetries, on the
other hand, have single zeros in 0 whose positions depend
on the dilepton mass range. The virtual Z and photon
thus provide important reference amplitudes, permitting
sensitive studies of couplings over the whole range of 8.
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B. Implications for detectors

1. Lepton acceptance

The lepton asymmetries in pp~Z(0)+ . ~1 I+
(see Fig. l) are most significant for large gauge-boson ra-
pidity. ' ' ' At large ~y ~, a gauge boson must be
formed from a quark-antiquark annihilation in which one
parton has large x and the other has small x. [See, e.g. ,

Eq. (10).] The large-x parton is much more likely to be a
quark than an antiquark, since valence quarks have much
harder distributions than sea antiquarks in the proton.
Thus, in a pp collider, measurement of forward-backward
asymmetries in Z decays demands good acceptance for lep
tons at small angles to the beam. Such acceptance is most
easily obtained for muons. '

2. Mass resolution

3. Lepton signs

The measurement of lepton asymmetries demands sign
information. This will be unavailable for high-energy
electrons. Again, muons appear to be the leptons of
choice. (Asymmetries in r decays may also be of some
help. )

C. Summary

Lepton asymmetries in hadronic collisions can be infor-
mative not only at the resonant peaks of new gauge bo-
sons, but also for dilepton effective masses sensitive to in-
terference between old and new bosons. We have cited ex-
amples based on an extended gauge group motivated by
superstrings, but the method is more general. Adequate
and possibly specialized muon detection is essential to
reap the benefits of this approach at high-energy hadron
colliders.
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