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V'Z and V'W production as tests of heavy gauge boson couplings at future hadron colliders
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We point out that the production cross section ofpp~ V'V, with V'= 8",Z' and V= 8', Z, is a useful

diagnostic of V gauge couplings at future hadron colliders. For Mz ——1 TeV it would allow determina-
tion of combinations of Z gauge couplings to the quarks to around 10%. An analysis of the extraction
of gauge coupling s from the complementary tests —forward-backward asymmetry, rare decays
pp~ V'~ f,f2 V, and the production cross section pp~ V'V—is given in a model-independent frame-
work. Four ratios of charges are needed to characterize a general gauge theory with an additional
family-independent U'{1) factor. We show that there are four functions of these ratios observable at
hadron colliders, but for projected Superconducting Super Collider and Large Hadron Collider lumi-

nosities only two combinations can be extracted. These yield a significant discrimination between in-

teresting grand-unified-theory-motivated models. Clean tests of whether a new F' couples to right-
handed currents, of the ratio gz/gl of gauge couplings, and of the non-Abelian vertex in left-right-
symmetric models are described.

PACS number(s): 12.15.Cc, 12.10.Dm, 13.85.Qk, 14.80.Er

I. INTRODUCTION

Extended gauge structures are an essential part of
grand unification. In string theory the gauge group at
the compactification scale is generally larger than that of
the standard model. Although there is no a priori reason
(except in some cases of restrictive particle representa-
tion) to constrain the mass of the new gauge boson to the
accessible range of a few TeV, the existence of new gauge
bosons in this energy range is a plausible consequence of
a number of types of new physics [1].

Current limits on extra neutral gauge bosons (Z') are
relatively weak. The analysis of Z-pole, weak neutral
current, and collider data puts lower bounds [2—5] on the
masses of various types of Z"s in the range of 160-400
GeV, with stronger limits around 500-1000 GeV in some
specific models in which the mass and the Z-Z mixing
angle are related.

The limits on the new charged gauge bosons 8"*are
more constrained in specific models; in particular, in the
left-right-symmetric models [6] based on the extended
gauge structure SU(2)L X SU(2)tt XU(1)it t . For the
models with gL =gtt [respective gauge couplings for
SU(2)L, SU(2)tt ] and equal magnitude of the left-handed
and right-handed quark mixing matrix elements, the
bound on the mass of the heavy charged W' is M~ & 1.4
TeV, based on the Il:s-KL mass diff'erence [7], and the IV-
IV' mixing angle is ~e+~ &0.003 from universality [8].
For general left-right-symmetric models these bounds are
much weaker [9]: gL M@"/gz )300 GeV and

gtt ~ 8+ ~ /gL & 0.013. Stronger limits follow from CP
violation unless there is fine tuning [10].

On the other hand, the Z' can be produced [11,4] (and
clearly detected via leptonic decays) at the Large Hadron
Collider (LHC) and Superconducting Super Collider
(SSC) if its mass does not exceed around 5 TeV [11—14].

The immediate goal after the discovery of a new gauge

boson would be to try to understand its origin and prop-
erties [15]. Subsequent tests should be able to address
and separate the following: (i) The nature of the gauge
couplings of new gauge bosons to ordinary fermions, in-
cluding the pattern of charges for a new Z', whether a
new W' couples to V+ A currents, and the overall
strength of the gauge coupling; (ii) the nature of the
symmetry-breaking structure; and (iii) the coupling of the
gauge bosons to exotic fermions and supersymmetric
partners.

Although the three phenomena are interconnected, the
aim is to study experimental signals that can separate
them. Some aspects of the nature of symmetry breaking
structure, in particular, the decays V'~ VV
(V= IV, Z; V'= IV', Z') [16-19]and the Ma /Mz. mass
ratio [1,20], as well as the study of decays of V' into exot-
ic fermions [21],have been studied earlier.

In this paper we address the diagnostic study of the
gauge couplings. One immediate possibility is the mea-
surement of tr(pp~ V')B, where tr(pp~ V') is the total
production cross section and B is the branching ratio into
leptons. 0. could be calculated for a given set of
(Z', IV' +—

) couplings to within a few percent. However,
the theoretical branching ratio B=l (Z' —+I+i )/I „„
where l =(e,p, or both) and I „, is the total width, with
an analogous definition for W, is model dependent be-
cause it depends on the contribution of exotic fermions
and supersymmetric partners to the V' width. These
could easily change crB by a factor of 2. Thus oB cannot
be useful as a diagnostic test for the V' gauge coupling;
however, it would be a useful indirect probe for the ex-
istence of the exotic fermions or superpartners.

On the other hand, from measurements of the total
width [14] I „„which could be determined from the line
shape of Z'~i+I, and trB one obtains a I (Z'
~i+I )—=trBI „,. This probes the absolute magnitude
of the gauge couplings in the combination
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g2[ gL2 +gR2 )+b gL2 +gR2 )1(gL2+gR2) g12
(gz/z ) is the charge of the left (right) -handed fermion f,
g2 is the gauge coupling of the new boson, and a and b
are calculable coefficients that depend on the V' mass, the
c.m. energy, and the proton structure functions. The
charges are characteristic of the gauge group. Once this
is identified (as described below), o BI „,would determine
the gauge coupling g2, which is a useful probe of the pat-
tern of spontaneous symmetry breaking in grand unified
theories (GUT's) [22] and left-right-symmetric models.

The production cross section for pp ~ V'g, with g a
gluon, has a large rate but is not a useful probe. It has
the same branching ratio uncertainties as o.B. Further-
more, since gluons couple to the vector component of fer-
mionic currents, this process measures the same com-
bination of gauge couplings as 0 (pp ~V'), so that the ra-
tio of cross sections yields no new information.

In this paper we propose [23] the cross section
pp~V'V as a useful probe [25], since it measures a
diff'erent combination of couplings: g,g i (gg, gi 2

+gg, g„z ). Here g, and g2 are the gauge coupling con-
stants of the V and V', respectively, while g~z z], and
g~~z +~2 are the corresponding charges of the (left, right)-
handed quarks. In this case the uncertainty due to the
exotics and g2 is removed by dividing the production rate
by that for pp~ V'. For leptonic decays of Z'~e+e
(p+p ) and (Z, W) decaying into either leptons or
quarks this process is virtually free of backgrounds. The
rate is sufficient to give good statistics for Mz —1 TeV
and provides a diagnostic test for the gauge coupling of
V' to quarks.

This is complementary to the rare decays [26] recently
proposed [24] and studied in detail [24,27,28] as a useful
diagnostic of the heavy gauge boson couplings to the or-
dinary fermions. Such rare decays involve V'~f, fzV,
where E, 2 are ordinary fermions. For V=Z the com-
bination giga(gLlgL2+gR&gii2) s measured, ~h~l~ for
V = 8', such decays project out gz 2 couplings. Although
the rates are suppressed by a factor of a/2~ compared
with V'~f, f2, they have a logarithmic enhancement
proportional to ln (Mi„/M„), closely related to collinear
and infrared singularities of QED [29,30]. The gold-
plated events (free of major backgrounds) turn out to be
[24] Z'~ We%, (pv„). Dividing by the Z'~l l rate
one has a clean test of the coupling of Z' to leptons. In
addition, the absence of W' —~ W —e e (@+p ) is an
excellent test of the right-handedness of the 8".

The third clean probe for gauge coupling s is the
forward-backward asymmetry AFB [11] for the process
pp~Z'~e+e or p+p . It can distinguish between
different models for Mz. up to a few TeV, and tests a
combination of the couplings of Z' to quarks and leptons.

This paper is organized as follows. In Sec. II the for-
malism and the models used in the calculation are de-
scribed. The major part of the paper, Sec. III involves a
study of the proposed production cross sections
pp ~ V V, with definitions of appropriate ratios and back-
grounds. In Sec. IV we discuss the extraction of detailed
information about the gauge couplings. We point out
how to study family universality, the nature of the

enhanced gauge symmetry, and the values of the gauge
couplings for particular fermions based on the above
three diagnostic probes. We show that considerable diag-
nostic information can be obtained in hadron colliders.
Conclusions are given in Sec. V.

II. FORMALISM

The neutral-current gauge interaction term in the pres-
ence of an additional U(1) can be written as

(2.1)—LNc=eJP A p+g 1JPlzl p+g2JP2Z2p

with Z, being the SU(2) XU(1) boson and Z2 the addi-
tional boson in the weak eigenstate basis. Here g,

(gL+gY) gL/cosew where gi gi are the gauge
2 2 1/2

couplings of SU(2)z and U(1)r, and g2 is the gauge cou-
pling of Z2. The GUT-motivated cases have

g2 =&5/3 sin8ii, g, As, where As depends on the
symmetry-breaking pattern [22]. If the GUT group
breaks directly to SU(3) X SU(2) XU(1) X U'( 1) then
A. =1.

The currents in (2.1) are

(2.2)

III. VV' PRODUCTION CROSS SECTIONS

Heavy neutral gauge bosons Z' can be produced at fu-
ture hadron colliders (SSC and LHC) and can be detected

JJ"= ,'gg, 7"[gv—~ gw&—3 5]g, , J' =1,2,
I

where the sum runs over fermions, and the g~ ~ z~ corre-
spond to the vector and axial-vector couplings of Z to
ith flavor. Analogously, g~z z~j= —,'(gi~ g„'~), so that

gL1 ~3&, n wq nd gz &

= —sin 6 wq', where t3L and
q' are, respectively, the third component of weak isospin
and electric charge of fermion i. We will illustrate our
study of Z2 currents with the following GUT, left-right
(LR), and superstring-motivated models:

(i) Zz occurs in SO(10)~SU(5) X U(1)z.
(ii) Z& occurs in E6~SO(10)XU(1)~.
(iii) Z„=&3/8Z& —&5/8Z& occurs in superstring-

inspired models in which E6 breaks directly to a rank 5

group.
(iv) The general E6 boson Z(P)=cosPZ&+sinPZ&,

where 0 ~ P (n is a mixing angle. The Zr, Z&, and Z„
are special cases with P=O, n /2 and

Z =Z (P=n. —arctan& 5 /3 ),
respectively.

(v) Zia occurs in left-right symmetric models, where
the ratio a=gal, /gz of the gauge couplings gi „ for
SU(2)z, SU(2)~ respectively, parametrizes the whole class
of models. In this case A, =1 by construction and
x & 0.55 for consistency [20].

(vi) Z" has the same couplings as the ordinary Z; it
cannot occur in extended gauge theories, but could occur
in composite models. It is a useful reference point for
comparing the sensitivity of experimental signals. Note,
however, that the more realistic cases (i) —(v) have weaker
couplings to the ordinary fermions. The chiral couplings

g~i z~ for specific models are given in Ref. [5] but are re-

peated for convenience in Table I.
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TABLE I. Couplings of the Z~, Z&, and Z„ to a 27-piet of
E6. The SO(10) and SU(5) representations are also indicated.
The couplings are shown for the left-handed (L) particles and
antiparticles. The couplings of the right-handed particles are
minus those of the corresponding L antiparticles. The D is an
exotic SU(2) singlet quark with charge —3. (E,E )L z is an

exotic lepton doublet with vector SU(2) couplings. N and S are
new Weyl neutrinos that may have large Majorana masses. The
Z„„couples to the charge &3/5[PT, ~

—1/(2P)Ta I ], where

P (K co't 8g 1)' ' and K gg /gt, .

(summed) over initial (final) polarizations can be written
as [32]

1

da Cffz t u m+
.=16m =2 ~ —+—+2Z) Z at s u t ut-

—m m2 +— . , (31)1 1

t'

SO(10)

10

SU(5)

10 (u, d, u, e+)L
5* (d ve )~

1N
5 (D,E,E+)L

5 (DyE 7E )L

1SL

2v'10Q»

—1
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—5

2
—2

0

&24Qp

1

1

1
—2
—2

4

2&15Q„
—2

1
—5

4
1

—5

where Cffz= g ig z(gt. i gt 2 +gti i g4 ); s, t, and u are the
Mandelstam variables; u =u/s, t=t/s, mi 2=Mi 2/s,
m+ =m, +m2, and M& 2 are the respective masses for Z,
Z'. The total quark cross section is

Cffz 1+m+ 1 —m++pg= dt= ln —2P
dt 4~s 1 —m+ 1 —m+ —P

via the resultant leptonic decays pp —+Z'
~e+e ()u+(u ), and the charged gauge bosons W*' are
detected via the modes [31] pp ~W*'~ln((lni ), where

n& is a right-handed neutrino. For given Z' couplings the
total cross section 0 (pp ~Z') can be computed quite ac-
curately, since the quark cross section and distribution
functions are known up to 0 (a, ). The cross sections are
given in Refs. [11—14]. In the following we assume (for
illustration) leptonic branching ratios 8 corresponding to
decays into 16-plets for Z& and ZLR, 27-plets for Z& and

Z„, and 15-plets for Z", and no superpartners.
Neutral weak eigenstates Z& and Z2 can be identified

with the mass eigenstates Z and Z', respectively, because
the Z-Z' mixing is negligible, as suggested from gauge
theories as well as experiment [2—5]. The squared ampli-
tude [see Fig. 1(a) and Fig. 1(b) for the Feynman dia-
grams] for the quark process qq —+Z'Z averaged

g ~ g g

W W'

(c) (d)
FIG. l. (a) and (b) Lowest-order diagrams for q;q~ ~ VV'. (c)

Additional non-Abelian diagram for qq ~Z' W induced by Z-Z'
mixing. (d) Non-Abelian diagram for qq~ 8"Z, which is
present even in the absence of mixing.

(3.2)

where ti;„,„) =—,'s [m+ —I+P], and P=(1—2m+
+m' )'".

In U'(1) gauge theories one has [Q', T;]=0. Then,
neglecting mixing, the same formulas (3.1) and (3.2) apply
to q&q2 —+Z'8' with the appropriate replacements of the
gauge couplings and the W mass. Here, Q' is the genera-
tor of U'(1) and the T s are the SU(2)L generators.

On the other hand, in theories with mixing the effective

gLz/gLz. The t and u channel fermion exchange contri-
butions become more complicated, and there is also
another contribution from the non-Abelian graph [see
Fig. 1(c)] due to the Z Z mixing ~ Hz z, which is respon-
sible for the restoration of unitarity. Thus, formulas (3.1)
and (3.2) are not strictly correct in this case. However, in
gauge theories with M2 »M, and small Z-Z' mixing (as

constrained from experiments) [33] (gL2
—

gL 2 ) Oz z
~ (gLq2 )M2i/M2. Note also that M i ((Mz ~ s is the limit
in which unitarity should be restored. It can then be
shown, using related formulas to those [32] for ZW pro-
duction in the standard model, that (3.1) is still valid in

the leading order (gL2 -gL z ) = (gL z ); the correction is
suppressed by a factor of (Oz z/gt. 2 ) Mz /M i M i /M2,
and is thus negligible. However, in compositeness-
motivated theories [e.g., model (vi) with Z "] the gauge in-
variance need not be restored; in this case the analogues
(3.1) and (3.2) violate unitarity. In such models the rare
decays Z'~ f,f2 W also have anomalous rates in viola-
tion of unitarity [24].

In models with heavy charged gauge bosons W' the
production cross sections for the processes qq~W'8'
can be evaluated using formulas (3.1) and (3.2), with the
corresponding values of the gauge couplings and masses,
provided one neglects WW' mixing. Since qq~W'W
directly probes the (gL 2 ), it should be strongly
suppressed (by the square of the W-W' mixing angle or
by mf /Mii ) in the left-right-symmetric models. Absence
of such events would thus provide a good check that the
coupling of 8 is right handed. This is a second indepen-
dent check of the right handedness of W', the first being
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the absence of rare decays pp ~W'~ ffW [24].
The second process with a heavy charged W' involves

the production cross section for q, q ~ W'Z. In this pro-
cess the non-Abelian vertex [see Fig. 1(d)] W'W'Z is im-

portant even in the absence of mixing; i.e., it is not
suppressed by M l /Mz. In the left-right-symmetric mod-
els the squared amplitude for this process is of the form
[32]

dO' g lgR gR2
2 2(~f )2 P w'z

1 —m2

'2
2P w'z

m+
+(gR1 gR1) +(gR1 ) 2 +2gR1gR1 — +(gR1 )

ut t', (3.3)

with

A = +(1—2m++3m+ —2m )
1

m, m2 4

+ (1—2m++m )

I(t)= + 1 —m
1

m, m2 4
m+ —m 2

E= ++
mlm2 4 2

2 2m+ m+ —m
+ 1 —m++

2t
(3.4)

O

H

oo
CI

Z
/

r
Z~

/r
/

r

. . 4P
'

/
I'g

/ X

a (pp ~Z' V)B (Z'~ I+ I )

cr(pp ~Z')B (Z'~I+I )
(3.5)

with V=Z or 8' decaying into leptons or quarks. We
define the cross section for pp~Z'W as the sum over
W+ and 8' . In the models with heavy charged gauge
bosons the ratios

Here y =tu —m, m2. The quantities u, t, m, 2, and mz
are defined after Eq. (3.1) with M, =Mz and M2 =M11 .
The couplings gR', and g„2 are the corresponding charges
for (i,j ) quark couplings to Z and W', respectively, while

g,p~z corresponds to the strength of the 8"8"Z non-
Abelian vertex. In the left-right-symmetric model one
expects p~ z = + sin 6~ for 8"*,respectively. Note that
this process not only provides a way to measure the
strength of the right-handed 8" coupling but is also a
test of the non-Abelian vertex 8"8"Z.

The total production cross section ez z for the above
processes is obtained in a straightforward manner using
the quark distribution functions of Ref. [34]. This cross
section is compared with the basic process pp ~Z'
~1+l by defining the ratios

Cl
CI

O
kO
~v

O

O
~Ch

CO
O
C)

I 1

LR

500 1000 1500 2000 2500 3000
M(Gev)

cr (pp ~ W' V)B ( W' ~ In
&
+ ln

&
)

&~v=
o (pp ~W')B ( W'~ln, +In~)

(3.6)

O
O LR

500 1000 1500 2000 2500 3000
M(GeV)

can be defined analogously. The branching ratios involve
decay modes with charged leptons, which provide clean
signals, especially for Z'.

In Figs. 2(a) and 2(b) we Plot the ratios Rz. 1v and Az 1,

as a function of the Z' mass along with typical statistical

FIG. 2. The ratios (a) Rz w and (b) Rzz as a function of the
Z' mass along with typical statistical error bars for the Zx, Z&,

Z„, and ZLR for a one year (10' s) run at the LHC with a pro-

jected luminosity 10' cm s '. For the SSC the Rv v are

around 20%%uo higher.
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FIG. 3. The numbers of events (a) Nz ~ and (b) Nzz for

pp —+Z'V and Z'~l+I, l =e or p (summed), assuming a one-
year run at the LHC.

error bars for a one year (10 s) run at the LHC (projected
luminosity 10 cm s '). The error bars are estimated
using the total number of Z'V events shown in Figs. 3(a)
and 3(b). These assume the specific branching ratios de-
scribed above, and are presented only for illustration.
The R values themselves are independent of the number
of exotic decay channels. The production cross sections
pp ~V' are presented in Refs. [11—14]. The R's increase
with the V' mass, but the statistical error bars are too

large for Mz. 2 TeV for the measurement to be useful.
For the projected SSC luminosity of 10 cm s ' there
are roughly half as many V' V events for Mz ~ 1 TeV and
equal numbers for Mz. &2 TeV. The R values are typi-
cally 20% larger for the SSC. This is an example in
which increased luminosity would significantly improve
the statistics, and thus allow one to study the properties
of new gauge bosons in a higher mass range.

In the following we study the sensitivity of the R's for
different models with Mz. =1 TeV at the LHC. In Table
II the values of Rz.~ and Rz.z are given for different
models along with their statistical error bars. The formu-
la (3.1) does not apply to the Z" for Rz ~ because

gL 2%gL z, however, Eq. (3.3) can be used with appropriate
changes for the masses and gauge couplings without the
contribution of the non-Abelian graph. Clearly, such an
amplitude badly violates unitarity. For comparison the
values of the ratio rr„a, =B(Z'~lvW)lB(Z' ~l+I )

of the gold-plated rare decay Z'~lvW (see Fig. 4 for the
corresponding Feynman diagram), as well as the
forward-backward asymmetry A Fz, are given along with
their statistical error bars. The statistical errors for the
R's are slightly larger than those of r&„~ and the
forward-backward asymmetry, but are still sufficiently
small for Mz = 1 TeV and the projected LHC luminosity.
In the case of Z& and Z„ the error bars are too large to
distinguish between the two models.

In Fig. 5 the Rz v's are plotted as a function of cosP
for the model (iv) with Z (P), and the estimated error bars
are displayed. Again, the Rz.z's are a sensitive probe of
these models, although there are clearly ambiguities.

In Fig. 6 the Rz.~'s are plotted as a function of ~ for
the left-right models (v) along with typical error bars.
The Rz v's are sensitive functions of ~, especially in the
interesting region a &1.1, and could provide a measure-
ment of ~ independent of measurements from rI ~ and
A Fge

In Fig. 7 is plotted the predictions for Rz.~ versus
Rz z for the g, P, g, and LR (a = 1) models, along with
expected bars for Mz =1 TeV.

In Fig. 8 the ratio Rs z [defined in (3.6)] is shown for
W' in the left-right-symmetric model as a function of
M~ for the LHC and SSC. This is an absolute prediction
of the model and is a sensitive test of both the right-
handed W' coupling (independent of the test from the
nonobservation of pp —+ W' W), but also of the non-
Abelian W'W'Z vertex.

We now discuss backgrounds. Z'V production, with
Z' subsequently decaying into charged leptons and V into
hadrons, charged leptons, or missing neutrinos, are clean
events without major standard-model backgrounds. W' V

TABLE II. Ratios Rz ~, rI„~, and A Fz with their error bars at the LHC for Mz = 1 TeV for the models described in the text.

Rzz
Rzw
rlvtv

g e+e
FB

0.0021+0.0002
0.0057+0.0004
0.055+0.0014

—0. 134+0.007

0.0046+0.0008
0.012+0.001
0.030+0.002
0.000+0.016

Zn

0.0050%0.0007
0.014+0.001
0.012+0.001

—0.025+0.014

ZLR

0.0010+0.0001
0.0005+0.0001
0.022+0.0008
0. 100+0.006

Zll

0.0071+0.0003
0.310+0.002
0.26+0.002

0.045+0.004
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f2 f2

Cl
O

O
Cl

FIG. 4. Diagrams for V'~ Vf,f,

productions with 8" decaying to lni would be very clean
if the ni is heavy and decays in the detector. Otherwise,
there could in principle be a standard-model background
from pp ~ 8'V with W~lv&. However, this background
can be cleanly eliminated at a loss of only a few percent
of the signal by requiring the transverse mass mTI„of the

In& system to be larger than 90 GeV.
The calculations here utilize the lowest-order expres-

sions in Eqs. (3.1), (3.2), and (3.3) for the cross section and
the quark C distribution functions in Ref. [34].Of course,
if a heavy V' were actually observed, the calculations
would have to be redone using up-to-date distributions
and including 0 (a, ) QCD corrections.

O
C)

O
O

O
h?

Rzz

0.6 0 7
I (

0.8 0.9 1,0 1.2 1.3

FIG. 6. The ratios R plotted as a function of ~=g& /gL. The
error bars are for the LHC with Mz = 1 TeV.

IV. EXTRACTING INFORMATION
FROM EXPERIMENTAL DATA

We have three types of independent experimental sig-
nals: (i) the forward-backward asymmetry Aztt [11], (ii)
the rare decays pp~V'~f~f2V [26,24], and (iii) the
production cross section pp~ V'V, which provide useful
complementary probes to extract information about the
nature of the gauge couplings. When expressed in terms
of appropriate ratios all are independent of uncertainties
from I tpt and the overall coupling strength gz.

In this chapter we present a systematic and rnodel-
independent approach for extracting information con-

cerning the gauge couplings of the quarks and leptons
from the above experimental signals. We will generally
assume that the couplings of the new Z' are family
universal, that the extended gauge group commutes with
the standard model (i.e., [Q', T;t ]=0), and that Z-Z'

mixing can be ignored. However, we will first comment
on the possibility of actually testing these assumptions.

Interfamily universality. The signals that would most
clearly test the e-p family universality are the branching
ratios for B(Z' —+e e ) versus B(Z'~p+p, ). In or-
der to test the third-family universality, the measurement
of the branching ratio B(Z'~a+~ ) is needed. In spite
of having missing neutrinos in the dominant decay mode

O
Cl

CQ

N
CO
O

O

O~ O
CO

—1.0 —0.8 —0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8 1.0
cos P

FIG. 5. The ratios R plotted as a function of cosp for the
general E6 boson Z(P)=cosPZr+sinPZ&. The error bars are
for the LHC with Mz =1 TeV.

O
CI

0.0

LRZ

2.0 4.0 6.0»' Rzz
8.0 10.0

FIG. 7. Rz. s vs Rz.z at the LHC for the y, g, g, and LR
models, along with the expected error bars for Mz = 1 TeV.
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FIG. 8. R gr z as a function of the F' mass for left-right-
symmetric models at the LHC and SSC. The corresponding
predictions for W' —are very similar.

r~mv, it might be possible [35] to make such measure-
ments. The branching ratios would allow one to deter-
mine the interfamily universality in the lepton sector for
the quantities gL2+g„2. Other combinations of gL2 and

gR2 would be probed by comparing A„'~ and r1„~ for
1 =e and p.

Nature of enhanced gauge structure The .most likely
possibility for a new Z' in an extended gauge group is
that it corresponds to a U'(1) or other group that com-
mutes with the standard model [Q', T; ]=0. That can in
principle be tested [24,28] (in the absence of Z-Z' mixing)
from the ratio r&„ii,/r„,z, where r„„z=B(Z'
~Zvv)/8 (Z'~ll ), which depends only on the Z' mass
provided [Q', T; ]=0 (see below). In enlarged gauge
groups with [Q', T; ]%0 there are additional non-Abelian
contributions, while for nongauge theories (e.g., compos-
ite vectors), r&„rr and also Rz ir may have anomalous or
senseless values. Unfortunately, as will be discussed
below, r z suffers from a large standard-model back-
ground from pp~ZZ [24,27] and is thus probably un-
measurable at hadron colliders.

Z-Z' mixing. As discussed in Sec. III small Z-Z' mix-
ing angles have a negligible effect on the pp~ V'V rate.
One place where mixing could be relevant for colliders is
in the decay Z'~WW [16—19]. Although the rate is
suppressed by the square of the mixing angle
[~C(Mi/M2) ], the longitudinal components of the
gauge bosons give an enhancement ~ (M2/M, ) . A pre-
cise measurement of C would yield valuable information
on the symmetry-breaking sector of the theory [1,20].
However, leptonic modes suffer from a serious standard-
model background pp~W8'. The semileptonic modes
have additional @CD backgrounds from pp~W+jets
[18],although it may still be possible to observe the decay
with appropriate cuts [19].

Another possibility [28) is to search for Z'~ WW
~W1v indirectly by looking for an anomalous ratio
r1 ~Ir z compared to that predicted from the diagrams

in Fig. 4. However, that is not practical due to the
difficulty of observing [24,27] r„z.

A better approach would be to try to separate the Wlv
events due to mixing from those from rare decays direct-
ly, since they have very distinct kinematic distributions.
In the Z' rest frame a majority of the rare-decay events
are back-to-back fermions with invariant mass close to
Mz and a soft W emitted, while the mixing events consist
of back-to-back W's in the Z' rest frame. With the
second W decaying hadronically one can determine the
transverse mass mT1 of the le in the pp center of mass.
mT1„must be &M~ for the mixing events, while some
96% of the rare decays of a 1 TeV Z' have mz;, & 90 GeV
at the LHC [24]. Thus, the kinematic regions of the two
types of events are essentially disjoint. However, both
processes have a major background from pp~ WW. As
described below, a cut mT1 ~ 90 GeV removes this back-
ground to the rare decays r1 ~, but at the same time it
eliminates the events due to mixing. The best prospect
for probing Z-Z mixing is therefore in future precision
experiments [5] rather than hadron colliders.

Nature of gauge couplings for leptons and quarks. In
the following we study the extraction of information on
the gauge couplings from the three types of the proposed
signals: rare decays, forward-backward asymmetry, and
V V production. Assuming family universality,
[Q', T;]=0, and neglecting Z-Z' mixing, the relevant
quantities to distinguish different theories are the charges

~d —~q ~It ~d ~P ~P —~1 ~1
gL2 gL2 gL2 gR2 gR2 gL2 gL2 gL2 gR2
the gauge coupling strength g2. The overall scale of the
charges (and g2) depends on the normalization conven-
tion for TrQ', but the ratios characterize particular
theories. There is little chance of ever determining the
signs of the charges at hadron colliders (some informa-
tion is possible from precision experiments, as is men-
tioned below), so we will concentrate on the four "nor-
malized" observables,

(4.1)

(4.2)

7R (4.3)

d—=
VR (4.4)

It will also be convenient to introduce

U= yti /yk— (4.5)

(4.6)

The values of yL, y'L, y~, y~, U, and D for the y, f, g,
and LR models are listed in Table III. It is seen that they
vary significantly from model to model. In principle, all
of the y's can be determined at hadron colliders. In prac-
tice, however, only yL and 2U+D can be well deter-
mined for projected LHC and SSC luminosities.
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1

1

3

0.2
0.8
0.8
0.2
1

0.25
2.3

0.36
0.04
1.4
2.6

37
65

139

For rare decays one observes the ratios [24]
r& & v =B(Z'~—f,f~V)/B(Z'~l+t ), where V= Wor
Z. We always sum over l =e,p, over 8'+, W, and over
the neutrino flavors. The expressions for r& f ( w z)/a w z
are bounded [36] to a specific range [24,28]. Here

cxawz=
677 cos gp sin Ow

2

ln p+31np+5—
3

(4.7)

are kinematic factors that only depend on p—=Mz ~/Mz, . For Mz = 1 TeV, az (a ~)=0.068 (0.080).
For example,

rffz (gj1 ) (gL2) +(gR1 ) (gR2 )

az (gL, )'+(g&, )'

One can write the leptonic r's as

0.0529+0.020y
az

(4.8)

=0.375yI, ~0.375,
az

(4.9)

TABLE III. Values of yi, yg, ys, ya, U, D, and 2U+D for
the y, g, rt, and LR (a = I) models.

LR

In hadron colliders the hadronic ratios r»dz and r»d~
suffer [24] from serious QCD backgrounds. Similarly,
r z suffers from the standard-model background
pp ~ZZ, with one Z~vv. Even with the second Z fully
reconstructed by its hadronic or charged lepton decays,
the only observables are the energy Ez and angle cosOz
in the pp center of mass. For a 1-TeV Z, for example,
the signal-to-background ratio is =10, as shown in
Fig. 9(a). The rare-decay events have a somewhat harder
spectrum, and a flatter cos8z distribution for large Ez,
but even by applying severe cuts (e.g. , cos8z & 0.6,
Ez &300 GeV), the signal-to-background ratio is still
only 10 ', and one has lost most of the signal. Hence
r, z is probably unobservable at hadron colliders. How-
ever, r z and r»dw, z might be useful at future e+e
machines.

On the other hand, rt&z provides a very clean signal.
Unfortunately, it has a weak dependence [24] on yL due
to the fact that ~gL, ~

= gtt, ~
for sin 8~—-0.23, and thus

rl&z serves only as a consistency check.
The backgrounds for the ratio rI, w can be eliminated

with appropriate cuts. As discussed earlier, the mode
with 8'decaying hadronically can be separated from the
standard-model background from pp~ WW (as well as
the events due to Z Z' mixin-g) by requiring [24] the
transverse mass m~1, ~ 90 GeV. This cut reduces the sig-
nal only by 4% for Mz =1 TeV at the LHC [Fig. 9(b)].
Events with 8'~lv may also be observable with ap-
propriate cuts [27]. The ratio rt„z, thus provides the
gold-plated signal that tests the left-handed coupling of
leptons yL. One expects an accuracy of (2—10)% on yL
at the LHC for the specific models considered here.

The second probe is the forward-backward asymmetry.
For pp ~Z'~l+l

aw
0.77yl ~ 0.77

and the hadronic r's as

AFB
[F(3» —B (3»]d3f,

"'
f,
'-

f [F(3»+B (3»]d3
&min

(4.11)

= l. 17yg+0. 071ytt +0.026ytt,
az

(4.10)

0
where F(y)+B(y)=[f o+ f ]d cos8(d o /dy d cos8)

—,1

and t9 is the l angle in the Z' rest frame. A„~ can be
expressed in terms of gauge couplings as

had w =2.31y),
aw

where we have used sin 8~=0.23. [We define r»~~ z as
decays into light hadrons +(W, Z) only; i.e., those in-
cluding the t quark are not included. ] Since yL is in the
range (0, 1), the expressions (4.9) are limited to a certain
range. Also, one has (rt, ~/r„z)(az/a~)=2. 05 (so that
all models satisfying [Q', T, ]=0 lie on a straight line
[24,28], r z versus r, ~, for a fixed value of Mz ), and

(r»zz/r»z~)(az, /az) ~0.51. These predictions follow
directly from [Q', T, ]=0, small Z Z' mixing, and fa-mily

universality, and any deviation would imply a breakdown
of one of these assumptions. The r's are shown for the
models considered in Refs. [24,20].

The quantities in (4.9) and (4.10) in principle determine
yL, y$, and ytt +—,'y„. In practice, however, the depen-
dence on the y„'s is very weak.

A„=—,'(2 ' —1)0.58
1 0.75U —0.25D

1+0.68U+0. 32D
(4.12)

for a 1-TeV Z' at the LHC. Here the quark distribution
functions of Ref. [34] were used. AFB thus depends on

yL, and on the combination =2U+D of right-handed
currents. A „B is shown as a function of Mz for various
models in Fig. 10, along with the analogous A„B for
heavy 8'z production. It is seen that the statistical er-
rors are small enough to discriminate effectively up to
=2 TeV, provided that good enough lepton charge
identification can be achieved. A„~ is shown as a func-
tion of cosP for model (iv) in Fig. 11, and as a function of
tr for the LR model (v) in Ref. [20]. Typically, one should
be able to determine 2U+D to (5 —10)% for Mz. ——1 TeV
if y L is known independently from rI w.

The exact coefficients of U and D in A „B depend on
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Mz. , Ez~, and the kinematic cuts. In principle one could
separate U and D by considering A „~ for various ranges
of y. However, we have found that this provides little ad-
ditional information for the projected LHC and SSC
luminosities.

The forward-backward asymmetry for pp ~8"*
~l —+nl does not distinguish V+A couplings of the W'

from V —A. As described above, this information can be
obtained from pp —+ 8"Z and the nonobservation of
pp ~ 8'z 8' and JYz ~Wl+ l

The third probe of Z' charges are ratios R associated
with Z' V production. They are of the form
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FIG. 10. AFS is plotted as a function of Mz at the LHC for
the models described in the text.

3 7.0+0.85U+0.09D
1+0.68U+0. 32D

R =10 3 22.2

1+0.68 U+0. 32D

(4.13)

for a TeV Z' at the LHC. Again, the quark distribution
functions of Ref. [34] were used. The numerator in the
expression for Rz z has a weak dependence on U and D;
this is in part due to the fact that they are weighted by
the squares of the gauge couplings of the right-handed
quarks to Z, which in the standard model have small
values. This in turn implies that the ratio Rz.a iRz.z is

usually close to the numerical constant 3.2; however, it
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FIG. 9. (a) cosOz distribution for pp~ZZ, with one Z~vv,
in the standard model at the LHC (solid lines), compared with
the signal for a 1 TeU Z~~Zvv (dotted lines). The upper
(lower) histograms are for no Ez cut (Ez & 300 GeV). (b) Trans-
verse mass m» for pp ~W+ 8', with one W~lv, in the stan-
dard model at the LHC (solid line), compared with the signal
for a 1-TeV Z~~ 8'—l v (dotted line).
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FIG. 11. AFs plotted as a function of cosP for Mz = I TeV
at the LHC.
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can deviate sizably for this value in the gauge theory
models with y„"' large, e.g. , in the left-right-symmetric
model (v}.

Since the ratios R are free of major standard-model
and QCD backgrounds, the expressions in (4.13) provide
the first clean probe to yield direct information on the
couplings of quarks to Z'. Except in models with large U
and D the R's mainly determine the combination 2U+ D,
typically with a precision of —(10—20)%. This is the
same quantity that is probed by AFB (for a known yL),
but the extra information provides a welcome consistency
check. Again additional information to separate U and D
could in principle be obtained by using appropriate y
cuts, but the statistics are not adequate for this for pro-
jected luminosities. In the case of models with heavy
charged gauge bosons the ratio R ~ ~ would also yield in-
formation on the coupling of 8 ' to the quarks.

One should emphasize that in the case of 2 „B and the
R's the actual numerical coefficients in (4.11) and (4.13)
depend on the quark distribution functions. Thus, while
the experimental detection of these signals is clean, the
actual extraction of the value of couplings crucially de-
pends on precise knowledge of structure functions and
higher-order QCD effects. The coefficients would have to
be recalculated if a heavy V' were actually discovered.

We would also like to mention that it would be useful if
one could measure the branching ratio B (Z'~qq). Then
the ratio ~B(Z'~qq)/B(Z'~1+1 )=2yf +y~+yz
(counting all three families) could be an excellent test of
the quark couplings. However, the QCD background is
too large for this quantity to be easily measurable with
reasonable resolutions. Thus, the ratios R and AFB
remain as the only tests to extract information about the
quark couplings.

Thus, hadron colliders allow determination of the
quantities yL and =2U+D with reasonable precision for
a 1-TeV Z'. From Table III, we see that these quantities
are a reasonable but not total discriminant between mod-
els. This is further illustrated in Figs. 12 and 13, in
which the predictions for yL and 2U+D are shown
along with typical statistical error bars for the left-right
symmetric and E6 models, as functions of s. and cosP, re-
spectively. We see that the combination of y L and
2U+D determines ~ without ambiguity within the in-
teresting range 0.6—1. There is still a twofold ambiguity
in the cosP value for E6 models. The approximate sym-
metry around cosP- —0.4 and -0.8 is due to the van-
ishing of the couplings of the SU(5) 5-piet (10-piet) in
Table I, and cannot be resolved at a hadron collider by
any means that we are aware of.

For some parameter ranges, the E6 and left-right mod-
els cannot be distinguished, as is expected since left-right
models can be embedded in E6. This is not a major prob-
lern, however, because if a ZLR is discovered directly at a
hadron collider, the associated 8'~ would almost certain-
ly also be seen. For most symmetry breaking structures,
the W~ is lighter than the Z«, and the ratio M~, /Mz

LR

would be a useful probe [20].
At the end we would also like to address determination

of the absolute magnitude of gz, which would shed light

0.6 0.7 0.8 0.9 1.0 1.3

FIG. 12. yL and 2U+D in left-right-symmetric models (v) as

a function of v=gR /gL, along with typical statistical error bars.

—1.0 —0.8 —0.6 —0.4 —0.2 0.0 0.2
cos P

O.g 0.6 0.8 1.0

FICi. 13. yz and 2U+D in the general E6 models (iv) as a
function of cosP, along with typical errors.

on the nature of the spontaneous symmetry breaking in a
grand unified theory [22] or left-right model [1,20]. As
discussed in the Introduction, for a given theory [i.e., a
given set of yL ~'s and a normalization convention for
Tr(Q') ] the strength of gz can be determined from the
combination cr I (Z' I+I ) —=o BI „„while I „,would
then allow an estimate of the fraction of Z' decays into
exotic fermions and superpartners.

Interestingly, the low-energy, atomic-parity-violation
experiments could also measure the change in the
effective weak charge [2—5] Q~,

bQ~= —2(2Z+N)bC)„—2(Z+2N}bC)d, (4.14)
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FIG.14. Fractional change (%%uo) in the atomic-partity-
violation parameter Qa in cesium, for Mz = 1 TeV and A,t = l.
In the LR model (v) the change ——0.8% depends only weakly
on K.

where Z and N refer to the atom and (when 8=0):

M
~Cli p p (gL2 gR2)(gL2+gR2)

g)M~
(4.15)

V. CONCLUSIONS

In this paper we have proposed the production cross
sections for V'V with V'=8",Z' and V=@',Z as a

for i =u, d. This and other precision measurements could
provide an independent way to gain information about
the absolute value of the coupling. The fractional shift in

Q~ in cesium is shown as a function of cosP for a 1-TeV
Z' in Fig. 14. It is seen that a precision of a few tenths of
a percent would yield a rough determination of gz, but
would not resolve the cosP ambiguities.

probe of the nature of the gauge couplings of fermions to
heavy gauge bosons at future hadron colliders. This is
the third and complementary probe for the diagnostic
study of such couplings, the first two being the forward-
backward asymmetry [11] and the rare decays [24,26].
The rates for the production of V'V are large for M&.-1
TeV and the events with V' decaying into charged lep-
tons are clean with good diagnostics for the couplings of
quarks to V'. For Mz. -1 TeV, the LHC at its projected
luminosity would produce a factor of 2 more events than
the SSC at its projected luminosity; the SSC would have
more events for Mz. ~3 TeV. For Z' the events probe
the nature of the U& group, while for 8" one can test the
V+ A nature of the currents and the non-Abelian
8"8"Z vertex.

In addition, we have presented a study of extracting in-

formation about the nature of the gauge coupling from
the proposed signals. We have shown that for models
with family universality, [Q', T, ]=0, and small Z-Z'
mixing there are four ratios of the squares of gauge
charges that are in principle measurable at hadron collid-
ers. In practice only two combinations, yL and 2U+D,
are accessible at projected luminosities, and there are
several complementary measures of these. They have
considerable though not complete ability to discriminate
between models. Complementary information from a8,
1 „„W' production, Mtt /Mz, atomic parity violation,
and other precision experiments should provide addition-
al information to resolve ambiguities and to probe other
aspects of the theory. Detection of such signals, and thus
the diagnostic study of such gauge couplings, would
clearly improve with an increased luminosity at the SSC,
which would in turn provide an important window to
learn more about gauge structures beyond the standard
model.
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