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Experimental signatures are analyzed for the production of heavy gauge bosons beyond W and Z
at pp and pp colliders, including the Fermilab Tevatron and proposed multi-TeV machines. Bosons
include right-handed W’s and various Z’s (including the one expected if I;z and B—L are gauged
separately, not just in the combination Yy =2I3zx+B —L). Signatures include characteristic decay
asymmetries, which can occur for both pp and pp reactions, and neutral heavy leptons in the final

states.

I. INTRODUCTION

For several years, low-energy neutral- and charged-
current weak interactions have pointed toward an effec-
tive SU(2) X U(1) theory! of the electroweak interactions.?
This conclusion is strengthened by the discovery of the W
and Z at their predicted masses.> In the SU(5) model
which unifies this electroweak theory with color SU(3),*
no new gauge bosons are expected up to masses of
10—10" GeV. Only indirect experiments, such as the
search for proton decay, are capable of searches at such
high masses.

There are reasons to adopt a more empirical approach
toward the possibility of new gauge bosons observable at
accelerator energies. The SU(S) theory does predict the
weak mixing angle correctly,’ but proton decay has not
yet been observed at the expected rate. Other unified
theories involving groups larger than SU(5) can accommo-
date present bounds on the nucleon lifetime without diffi-
culty, though the prediction of the weak mixing angle is
lost. At the same time, these unified theories entail new
gauge bosons which can be quite light.

In the present article, we discuss some prospects for ob-
serving and identifying the properties of new gauge bo-
sons in the multi-TeV range. We are stimulated in part
by the possibility that proton-proton and/or proton-
antiproton collisions at center-of-mass energies up to 40
TeV may be attainable before the end of this century. A
general overview of the physics at such energies has been
given in Ref. 6.

We shall be concerned with several possibilities for new
gauge bosons, which illustrate the variety of experimental
signatures that could arise at multi-TeV energies. Our in-
tention thus is not so much to break new theoretical
ground as to aid in planning of detectors. This, in turn,
can affect parameters of accelerator design.

The bosons we shall consider include (1) the right-
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handed analog Wy of the standard W; (2) a second Z bo-
son, called Zy, which couples differently to different
SU(5) representations and arises most naturally in SO(10);
(3) a third Z boson, called Z,, which couples universally
to all known fermions and, arises naturally in E¢; and (4)
neutral bosons with Yang-Mills structure, such as those
which change generations or connect ordinary fermions
with exotic ones.

Let us set the scale of possible masses and properties in-
volved. We begin with the right-handed W.

The properties of a right-handed W were discussed
phenomenologically by Bég, Budny, Mohapatra, and Sir-
lin,” though suggestions of the existence of such particles
date back to some of the earliest attempts at grand unifi-
cation.®® In muon decays the absence of deviations from
expected spectra were then used to conclude
My, >3My, . Recent experiments have strengthened this

bound somewhat.!® This conclusion is based on the as-
sumption that a light right-handed neutrino exists. In the
absence of such a neutrino, no such conclusion can be
drawn. '

A much stronger limit can be set by examining the con-
tribution of right-handed W’s to the K;-Kg mass differ-
ence.!! The ordinary box diagram acquires a large
enhancement when one of the W’s is right-handed, lead-

ing to a bound

My, >1-2 TeV (1.1)
if the contribution of this box graph is not to exceed the
observed value. While this value is somewhat dependent
on the details of hadronic physics at long distances, it is
sufficiently large that the right-handed W, if it exists, is
unlikely to mix much with the left-handed W, and prob-
ably can be discussed in isolation to a large extent. We
shall adopt this point of view in our discussion.

Further (somewhat model-dependent) limits on right-
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handed W masses have been placed with the help of non-
leptonic decays,'? the process K —mev,'® and the neutron
electric dipole moment.!* It should be noted that not all
authors'® agree with the bound (1.1), but we shall assume
it for purposes of discussion.

Heavy neutral gauge bosons (besides the standard Z)
can manifest themselves in low-energy neutral-current
phenomena -such as those discussed in Refs. 2 and 16.
There have been many discussions of the possible ways in
which this can occur.®%17-28

A rule of thumb for heavy neutral gauge bosons, more -

or less independent of the specific models in which they
arise, is that they will lead to modifications of magnitude
(Mz(neavy)/Mz,)* to observable quantities. Such quanti-

ties are typically measured to an accuracy of no more
than 10%. This is true, for example, of the weak asym-
metry in e +e~—pu* 47, or of the magnitude of pari-
ty violation in atomic physics. The lower bound on the
corresponding heavy Z is then expected to be only about
three times that of the standard Z. In practice the bounds
are even weaker, so that low-energy phenomenology often
can exclude heavy Z’s only up to about 200 GeV in mass.
(For one example of such a permissive model, see Ref. 27.)
A model discussed earlier,”* for which the major con-
straint comes from parity violation in atoms, has been
analyzed by Bouchiat,?® with the result that only Z’s
below about 150 GeV can be excluded.

Even for modestly heavy extra Z’s, the effects of mix-
ing with the light Z on the mass of this particle can be
minimal. The examples mentioned above can lead to a
lowering of the Z; mass from its predicted value by less
than 2%. In what follows we shall ignore the effects of
such mixings.

The remainder of this article is organized as follows. In
Sec. II we discuss constraints on mixings of gauge bosons.
This is done in order to avoid discussing such mixings in
the remainder of the paper, which is rather concerned
with direct searches for the new bosons. In such searches,
if the bosons are heavy enough, their mixings with the
standard W and Z are found to be unimportant.

Section III is devoted to couplings and mass scales of
the new bosons. Section IV contains estimates of rapidity
distributions and total cross sections, while Sec. V is con-
cerned with forward-backward asymmetries in leptonic
decays. Experimental signatures distinguishing the new
bosons from the old ones (in respects aside from their
masses) are mentioned in Sec. VI. Conclusions occupy
Sec. VIL

II. MIXING EFFECTS

In extended electroweak models such as SU(2) X U(1)
X G one must consider the possibility of mixing between
the W and Z and the new bosons in G. Fortunately, if
the new bosons are heavy (e.g., >1 TeV) then one can
show rather generally?® that such mixings are severely
limited by the closeness of the observed W and Z masses
to the SU(2) X U(1) predictions.

For example, if G has a single neutral gauge boson Zg
then (after removing the photon) the neutral boson (mass)?
matrix is

mzo2 b
2
M = 2l

b mg, 2.1

where m202 and mg 62 are the squares of the Z and Zg

masses in the absence of mixing and B is an arbitrary
mixing (mass)®. The physical mass eigenstates are then

Z=Z cosf+Zssin0
and
Z,=—Zsinf+Zscosh .

It is easy to show for mz <mz_ that mz*<mz? mz}
> szz and that
mz

tan?6=
mz

2 2
0 Mz,

(2.2)

2 2"
, Mz,

In order to apply (2.2) it is necessary to assume that mz g
is given by the canonical SU(2)XU(1) value 93.81’%:2
GeV.2 That will be the case if the only Higgs fields with
significant vacuum expectation values are SU(2) doublets
(and singlets). Then, the observed values®

_]95.6+1.412.9 GeV (UA1)
Mz~ 191.9+1.3+1.4 GeV (UA2)

(2.3)
imply tan’0=(0.073)=5.31072 for mz =500 GeV,
(0.036)’=1.3x107* for mz =1 TeV, and (0.018)
=3.3%x10~* for mz,=2 TeV.

Similar results hold for the mixing between the W and
a single new charged boson. If there are two or more new
neutral (or charged) bosons then the right-hand side of
(2.2) becomes an upper bound on the squares of the
relevant mixing angles.?® Clearly, the agreement of the
observed W and Z masses with the SU(2) X U(1) predic-
tions strongly suggests that one can, to an excellent ap-
proximation, ignore the mixings of the heavy new bosons
to the W and Z when discussing their production and de-
cay. The only theories for which this would not hold
would be models in which a significant increase in mz,

(from Higgs triplets, etc.) is fortuitously compensated by
mixing effects. Such a possibility seems to us sufficiently
unlikely that we will not consider it further.

III. COUPLINGS OF HEAVY W’s AND Z’s

In the present section we discuss couplings and branch-
ing ratios of several types of hypothetical particles a
heavy, right-handed W, denoted Wjy; various heavy Z’s;
and neutral gauge bosons with Yang-Mills couplings to
one another.

A. Right-handed W

The couplings of left- or right-handed fermions to W
(the standard W) or Wyx may be expressed in terms of the
Lagrangians

ZL1,r=—8LRrRVLR TL,R 'WL,R YR » (3.1
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where

Yrr=(1F75)/2 (3.2)
and ‘

Wir=(WLrFiWLR)/V2 . (3.3)
The coupling constant g; is related to the Fermi constant ‘
Gr by

8L /8My*=Gp/V2 , (3.4)

so that it may be considered as known now that the W
mass has been measured.’
The weak left-handed isospin multiplets are

Ve
e—

IL=%: [Z}L’

UrodRoCR s (3.6)

yeees (3.5)
L )

1, L=
The branching ratios of ordinary Wj’s are then

D(WL —e e ) IWL —u v, ): (WL —77%,)
— 3.
(W[ —du)T(Wi —sc): (W —bt) 3.7
=1:1:1:3:3:3,

if the ¢ quark is light enough that kinematic suppression
is unimportant. Then

B(Wi —e™%,)=1;=8.3%. (3.8)

What is different for right-handed W’s?

The neutrino is known to exist in left-handed form, as
vy (i =e,u,7). The corresponding antineutrinos v;z also
exist, of course, and are also isodoublet members. There
are several possibilities for the “right-handed neutrinos”
v;r and their antiparticles ¥;; , assuming they exist.

(1) Neutrinos could be Dirac particles. In this case Egs.
(3.5)—(3.8) would be valid if one interchanged L and R
everywhere.

(2) The ordinary neutrinos v;; could be Majorana parti-
cles, distinct (in mass) from v;z. In this case we shall
denote

ViR=WNiR > 3.9
and the right-handed isospin multiplets are

N,

e

(3.10)

3 e e ey

R

IRz%: [Z]R ’
IR=OZ

The right-handed W’s decay in a manner very similar to
Eq. (3.7) except that v; is replaced by N;. Thus, one sig-
nature for decay of Wy would be the production of (e.g.)
N, with branching ratio

B(Wg —e N,)=15(My <«<My,) .

up,dper,. ... (3.11)

(3.12)

The subsequent behavior of N, is model-dependent. It
will be discussed further in Sec. VI. This new neutral lep-
ton could decay or be stable, and its decay could take
place immediately, after a detectable path length, or out-

side the detector. This wide range of possibilities means
that Wy detection may be more experimentally challeng-
ing than that of the W, which used the distinctive signa-
ture (3.8).

The coupling constant gr governs the rate of produc-
tion of Wy in hadron-hadron collisions. We shall assume
that at momentum transfers large compared with M Wy g
one has g; =gr. Such a relation occurs in many grand
unified theories, as when SO(10) breaks down to
SO(6) X SO(4). The SO(4) is just SU(Q2); X SUQ)g, with
equal coupling constants.

The asymmetry between g (My, ) and gr(My,) may
be gauged from the relation (based on the renormalization
group)

47  4r  11—2N, Mw,
8r 8L T Wy
We take the number of generations N =3, and

4m/g,*=29.2 [for Gr=1.16X10"° GeV™2, My=My,
=81 GeV in Eq. (3.4)]. Then for My, <10 TeV, we find
41 /gr*—4m/g 2 <2.6,

less than a 10% difference. For the rest of our discussion,
we shall take

(3.14)

8rR=8L (3.15)

neglecting the small logarithmic variation implied by
(3.13). (The value of M wy =10 TeV will turn out to be

the highest that we can attain with colliding-beam
machines which might be constructed in the foreseeable
future.)

The Wx and W, can mix with one another. In our
simplified discussion, we shall neglect this mixing, as we
expect it to be small for M we >My, .

B. Second Z in SO(10): Z,

The group SO(10) is an appealing candidate for unifica-
tion of electroweak and strong interactions.’! It has
several advantages over the group SU(5):*

(1) In SO(10), each fermion generation belongs to a sin-
gle 16-dimensional representation, composed of 5*+410
+1 of SU(5). —

(2) The operations C and P are much simpler in
SO(10):32 C(16) —16; P(16)—16*. In SU(5) C and P
mix representations with one another in a rather obscure
fashion.

(3) The observed value of the weak mixing angle,
sin’0=+4—+, can be accommodated in SO(10) without
entailing a prediction of too rapid a proton decay.’> Of
course, in SO(10) the very precise SU(5) predictions of
sin%6, in accord with present data, do not necessarily hold.

Since SO(10) has rank one higher than SU(5), it has one
more neutral boson. We shall call this boson Zy. If Z,
is fairly light, it can mix with the “standard” Z,, with
many interesting effects. The effects of a second Z on
low-energy phenomena have been analyzed in detail.!'’—28
Here we shall be concerned instead with direct production
of the Zy in the limit sz >Mz, when mixing can be
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neglected. The Zy then has very specific ratios of cou-
plings to quarks and leptons, which we now analyze.

The Zy couples to a very specific U(1) charge which we
shall call X. This is the conserved charge of the group
U(1) which arises when

SO(10)—SU(5)x U(1)y . (3.16)

Each SU(5) representation in an SO(10) representation has
a distinct value of X.

We shall normalize X in the same way as more familiar
generators of SO(10). For a 16-plet, for example,
3 7,,>=2. We shall thus demand S x*=2 as well for a
16-p1et Then we find, for members of a fermion genera-
tion,*

*: x=—273._1—6, (d,e” vy , (3.17a)
10: x=?\“/—_:.6, (dyu,@,e ")y (3.17b)
1: X:;;—l%, (V)L - (3.17¢)

Note that 5Y(5*)+10X(10)+X(1) vanishes, as it must,
and that X(1)—X(10)=X(10)—X(5*). These two rela-
‘tions and the normalization ¥ X?=2 (for a 16-plet) form
a convenient mnemonic for X.

We then find
N Zy—uit): T(Zy—dd): T(Zy—ete™)
NZy—v,7,): T(Zy—N,N,)
='3( 124-12):3(324-12):32 4 12:32:52
=6:30:10:9:25 , (3.18)
B(Zy—uil) =5 X 5 =2.5%, (3.19a)
B(Zy—dd)=%X45=12.5%, (3.19b)
B(Zy—ete )=3 X2 =4.2% , (3.19¢)
B(Zy—v,¥,)=3X % =3.8%, (3.19d)
B(Zy—N.N,)=+X2=10.4% , (3.19)

for three generations of quarks and leptons. Here we have
assumed Ay <<sz/2. If Zy cannot decay to NN, its

branching ratios to other fermion pairs will be raised ac-
cordingly.

The coupling of Zy to uif pairs is quite small. This is
because both helicities of u quarks belong to the 10-plet,
with small X charge. This will make the Z, harder to
produce in collisions for which valence quarks play a cru-
cial role (since the valence quarks in a proton are predom-
inantly u quarks, especially at high x). However, it could
lead to some distinctive signatures in Zy decay, which we
shall discuss in Sec. VI.

The branching ratio of Zy to ete ™ is expected to be
respectable (4.2%, as compared to about 3% for the Z;).
Charged-lepton pairs thus ought to be an acceptable way
to detect Zy.

If Zy—N;N; is kinematically allowed, such decays
form a major part of Z, final states. How they would

show up depends on the properties of N;, which we treat
in Sec. VL.

The magnitude of the coupling of Zy to the X charge is
model-dependent.  Several possibilities have been dis-
cussed in Ref. 24. Here we shall concentrate on one, to il-
lustrate the method of calculation. Production cross sec-
tions can easily be rescaled as desired. As we shall show,
the expected range of variation is not large, probably less
than a factor of 2 in g2.

We assume that the breaking (3.16) of SO(10) occurs at
the same mass at which SU(5) breaks further to
SU@3) x SU(2) X U(1) [the ability of SO(10) to resolve any
problems with regard to proton decay is lost, but the suc-
cessful SU(5) prediction of sin’6 is retained). The cou-
pling associated w1th X (call it gy) then should have the
same value at any Q2 as that associated with weak hyper-
charge (call it gy) if the weak hypercharge is also normal-
ized to 3, ¥2=2 for a 16-plet.

The value of gy is related to g; and 6. To see this, we
note that gy.#"=g'=e/cosO, where 4" is a normalization
factor, and g; =e /sin6. Then

y =g tan’6/ 4 . (3.20)
At the unification mass, gy=g; and tan’60=3,* so
#%=%. Thus,

gxy=8y=V'5/3g,tand . (3.21)

This is the value we shall assume at the Q2 value ap-
propriate to production of Zy. We shall neglect the vari-
ation of 6 with Q up to Mz, and simply take sin6=0.22

from low-energy experlmentsk

If the breaking (3.16) of SO(10) were to occur at the
Planck mass, gy? would be reduced to about % the value
implied by Eq. (3.21).%*

An “effective” Zy arises under much weaker assump-
tions than those given above. The electromagnetic charge
may be written®??

Q=13L+13R+§‘2‘L‘ .
It couples to the photon. The Z, couples to an orthogo-
nal linear combination of Iy, and Yy /2=I;3+(B
—L)/2. If any neutral boson besides ¥ and Z, couples to
any of the three quantities in (3.22), and if its mixing with
v and Z;, can be neglected by virtue of its large mass, it
must couple to the only linear combination of I;, I3,
and (B —L)/2 orthogonal to both I5; and Yy,. The defi-
nition of “orthogonal” requires that we normalize genera-
tors suitably.

If one is to gauge I3z and B —L separately, one must
guarantee that they are anomaly-free. The fermions be-
longing to Egs. (3.17a) and (3.17b) [5* 410 of SU(5)] are
free of anomalies in Iy; and Yy /2=I;3+(B—L)/2.
However, they are not anomaly-free in I3z and B —L
separately.” The addition of the right-handed neutrino N
is sufficient to banish anomalies in I3; and B —L. With
fermions belonging to all of Egs. (3.17) [5*+10+1 of
SU(5)] one has

213L3=EI3R3=2(B —L)3:0

(3.22)

(3.23)
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and this is sufficient to remove all anomalies. But now
we automatically have the normalization

3 I5.2=S1I:x*=2.

If a generator proportional to B —L is to be normalized
similarly,

(3.24)

(3.25)

where it turns out that a?>= 3, there is then a combination
of I;z and a (B —L)/2 orthogonal to that in the weak hy-
percharge Yy . It is just

(3.26)

X [2I;x—5(B—L)],

_ 1
V10
where we have chosen 3 X?=2 as well for a set (3.17).

For convenience one may eliminate B —L from Egs.
(3.22) and (3.26) and write’ '

1

The values of I;; and I3z may be read off directly from
Egs. (3.5), (3.6), (3.10), and (3.11).

The Lagrangian for the coupling of Z, to fermions is
simply

Lz,=—8xWXZx .

In order to compute X for any specific fermion one, of
course, must project out left-handed and right-handed
components: =1 +vz.

(3.28)

C. Third Z in Eai Z¢

An example of a Z coupling with equal strength to all
known light fermions may be obtained by decomposing

E¢DSO(10)X U(1)y . (3.29)

The fundamental representation 27 of Eq, to which left-

handed fermions are assumed to belong, breaks down ac-

cording to this decomposition as

27=16 +10 +1 ,  (3.30)

1 -2 4
V24 V24 V24
where the numbers in parentheses denote the U(1),

charges Q, normalized the same way as other generators.
For a 27-plet we have

S 1. 2=31z*=3

and so we stipulate ¥,0,*=3 as well.

We assume the known light fermions all belong to the
SO(10) 16-plet. Since Q,(16)=1/v"24, all coupling
strengths (to those left-handed fermions and antifermions)
are equal.>* This corresponds to purely axial-vector cou-
pling. (The photon, which interacts vectorially, couples
with equal and opposite strengths to left-handed fermions
and antifermions.)

The fermions belonging to the SO(10) 10-plets and sing-
lets in Eq. (3.30) are presumed heavier than those in the

(3.31)

TABLE 1. Branching ratios per generation of a hypothetical
Z boson coupled to the charge Qy of U(l) in
EsDSO(10)XU(1)y. Here Q is a charge —% heavy quark, and

L are heavy leptons.

SO(10):  16-plet 10-plet Singlet
uf dd e w NN QQ L*L- LO°L° L°L°
D o . o L 1 1 1 2
Z T % 7 72 3 9 9 9

2 3 2
9 9 9

16-plet. Their ¢ charges are greater, and so the Z, will
decay more readily to them. In fact, the Z, decays to or-
dinary fermions (including the right-handed neutrino)
only % of the time. The branching ratios of Z, are sum-
marized in Table I. (We have assumed that Z, is much
heavier than any of the fermions). If there are just three
generations of fermions, B(Z,—e*e™)=17~1%.
The Lagrangian for the coupling of Z to fermions is

ZLz,= —gQuZ Y (3.32)

To estimate the coupling gy, we shall assume the break-
down (3.29) occurs at the common unification point
described earlier, so that all U(1) couplings are of the
same strength: g,=gy =gy [see Eq. (3.21)].

D. Neutral bosons with Yang-Mills couplings

(1)-An example of neutral bosons with SU(2) couplings
occur in a class of Eq models considered in Ref. 33. These
are the ones (class III of Ref. 33) in which

EgDSU(2)ipen X SU(6) . (3.33)

The “inert” SU(2) factor does not contribute to the elec-
tric charge. The 27-plet breaks down into

27=(2;,6*)+(1;,15) , (3.34)
where
hy d
h, d,
hs d;
(27,6%)= vE v , (3.35)
E~ e~
N n°|,
0 i3 W, di u; hy
0 @, dy u, h,
0 d; u; h;
(17,15)= 0 et N (3.36)
0 E*
0 j.

There is a triplet of neutral gauge bosons associated with
SU(2); (I for inert). These couple only to the doublet
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rnembers in Eq. (3.35). The I;;=0 boson we shall call
Z3, and the I;;=+1 bosons may be denoted

Zl(i)E(ZI ¢i21 )/\/-2’ N

recal]mg that they are electromagnetically neutral.

If ZI is much heavier than any of the ferm1ons, its
branching ratios to dd and ete™ are + and  per gen-
eration (the remalmng decays would be to neutrinos and
exotic fermions), or 4 ,2 and ¢ for three generations.

The coupling of Z; to fermions may be obtained from
the Lagrangian

._TI

Lz f —81¢

where 1 denotes the fermions in (3.35). The coupling g;
evolves according to the behavior of an SU(2) from the
point at which the breakdown (3.33) occurs. We assume
for simplicity that this point is the same at which weak
SU(2) splits off from other subgroups of the unifying
group, and thus shall take

g12=g22=SGFMW2/‘/§, .

Z, 3.37)

(3.38)

The Z}*' connect ordinary fermions with exotic ones,
and thus cannot be produced via ordmary Drell-Yan pro-
cesses. However, one could imagine situations in which
the boson Z; is heavy enough to decay to one real and one
virtual, or two real, Z{*). The branching ratio mentioned
above then would be lowered Correspondingly, however,
exotic fermions might play a more significant role in Z;
final states.>

(2) Other neutral bosons with Yang-Mills couplings
have been proposed in connection with the structure of
fermion generations.’® Normally one expects masses of
“horizontal” (generation-changing) bosons to be above
10—100 TeV.’” It is possible to avoid these bounds for
certain “diagonal” bosons Zp, which then are subject only
to the bound Mz >3Mz from neutral-current interac-

tions. Such bosons may couple differently to different
generations. In the simplest models®® they would couple
vectorially.

As an example, let us consider a horizontal SU(3)y
symmetry, acting over e,u,T generations with the same
coupling strength as SU(3).yo, Which we take to be
ay=gy*/4m=ag~0.1 for present purposes. The La-
grangian is

L, = --g,,l/;% Zuth . (3.39)
Let us assume that only Z}§ is light. Then its branching
ratlos to e+e ,utu~, and 7t7~ would be, respectively,
> 75> and 4. In order for SU(3)y to be anomaly free,
all couplmgs must be vectorlike, so that a right-handed
neutrino N _is required  The branching ratlos of ZH to
J\lf N,, N, N , and NN, are predicted to be w, w, and
24

IV. PRODUCTION CROSS SECTIONS

A Drell-Yan process for production of a vector boson
for mass M by colhdmg hadrons A4 and B has the cross
section per unit rapidity>®

2 S0P x,)Ty 4.1)

where f{4® are the structure functions of quark i in had-
rons 4 and B, and I';; is the partial width of the vector

boson into the quark pair g;q;. The momentum fractions
x,; and x, are related to the rapidity y by

1 ]:(M/VE ety 4.2)
X2
where V's is the total c.m. energy.

With the couplings determined in Sec. III (the Z, par-
tial widths are also quoted for convenience), we calculate
(x5 =sin%0)

- 2 M
+ ud||_ GCrMw” ¥Wir
F WL’R—.’[dﬂ_} = \/5 2” CcOSs 96‘ (4.3)
(here 6 is the Cabibbo angle, cos?0 =0.948°);
GrMz* Mz
I‘(ZO——miI):-T/-?g— 470[(1—%xw)2+(%xw)2],
4.4)
[(Z,—dd OrMz,” Mz, (—1 )2
(Zo—dd)= V2 477'[ + xW
+(3xw )T, (4.5)
T Zy—>uil) = L T(Zy—dd) Oey” Mz, xy (4.6)
(Zy—uit)=5T(Zy—dd)=—77=— ===, &
_ = GF]MZO2 MZ¢ 5
I Z}—uit)=0 (4.8)
_ GpMy? Mz
3 F1w 1
i el AN 4.
N(Z}—dd)=—""——"", 4.9)
T(Z8—uit) =T(Z8 —dd) =2 M., 4.10)
H H 1224

It is amusing to compare the partial widths for Z, and
Zy decays. For sin’0=0.22, we find

D(Zy—uit) 1 Mz, @in
N(Zy—uir) 8 Mz’ '
(Zy—dd) 1 Mz, @12
[(Zy—dd) 2 Mgz~ ’

The Zy is hard to produce in hadron-hadron collisions be-
cause of these small couplings. ’

The branching ratios calculated in Sec. III may now be
used to obtain values of B do/dy in terms of quark distri-
bution functions. The dimensionless quantities sB do /dy
are summarized in Table II. Thus, to illustrate,
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TABLE II. Values of sBdo/dy for production and decay of specific gauge bosons.

UAD.B= U, (X, )D—B(Xz ), etc.

Here

Value of sBdo/dy

Final B Coefficient of U Dg+D,Ug(W )
Boson state (%) or D,Ug+U,Dpg(W™)
wt Iv 8.3 3
n i 53 8.87x 10
Coe_f;ficieix_t of Coefficient of
U Up+U,Up D,Dy+D, Dy
Z, 3.1 1.31x 1073 1.67x 1073
Zy 4.16 222104 1.11x 1073
Z,g -1+ 0.93 8.23x 1073 - 8.23x10~°
Z; 2.78 0 1.57x 1073
42 2.08 2.28% 1073 2.28%1073
do o shown in Figs. 2—S5.
B dy (4+B—~ WI:.1+T ) An average luminosity of up to .# =10 cm =2 sec ™! is
8.875 103 o oftep quoted for pl‘anned large pp colliders. For pp collid-
=212 (U,Dp+D,4Uz), (4.13)  ers it may be possible to attain .# =10"> cm~? sec™!. If
s

where, for example, U, Dp=U 4(x,)Dp(x;).

The quark distribution functions used to evaluate the
cross sections in Table II are those of Ref. 6, based on
CERN-Dortmund-Heidelberg-Saclay (CDHS) neutrino
data, numerically extrapolated to large Q2 using the
Altarelli-Parisi equations with A=0.29 GeV.

The predicted values of Bo for W¥ and Z, production
are summarized in Table III. At Vs =0.54 GeV, they are
consistent with rates observed at the CERN pp collider.
We expect them to be 4 or 5 times larger at Vs =2 TeV.

At Vs =2 TeV, many other possibilities already exist
for new-gauge-boson production. A sample of these is
given in Fig. 1. These illustrate the range of production
cross sections one can expect with gauge couplings. Cross
sections for Z7 and Z} production are not shown. They
are bracketed by the range of those in Fig. 1. At a level of
Bo>1073¢ cm? (a reasonable lower limit for an experi-
ment at the Fermilab Tevatron) the highest accessible
masses range from <200 GeV/ c? for the Z, to nearly
500 GeV/c? for either sign of Wy (and above 500
GeV/c? if both signs are combined).

For higher gauge-boson masses (above 200—500
GeV/c?, depending on their couplings) one must employ
c.m. energies above 2 TeV. For illustration we shall con-
sider pp and pp collisions in the range 10 <V's <40 GeV.
The cross sections times leptonic branching ratios (/v or
IN for Wy, I~1% for Z’s) for various gauge bosons are

TABLE III. Values of Bo in nb for production of W (81

GeV/c?) and Z, (92 GeV/c?) in pp reactions. Here

BW=83%, B2=3. 1%

Vis (TeV) w* Z,
0.54 0.127 0.031
2.0 0.64 0.15

one wishes to collect at least 10 events in an experiment of
107 sec, the lowest measurable values of 0B are about
10~ and 10~ nb, respectively.

In Table IV we show maximum values of Wy and Z,
masses attainable at various cross-section levels. A sub-
stantial jump above the 200—500-GeV/c? range attainable
at the Tevatron is possible for .#,, =10* cm™* sec™! or
Z ;=107 cm™? sec™! and for Vs =40 TeV. As an
example, it may be possible to produce Wy up to about 9
TeV if values of 0B=10"% cm? can be measured in pp
collisions. The corresponding value for pp collisions with

-33
10
34
10 —
S <35
< 10° -
& <36
o |0 —
_37 .
'O : ‘.. AN —
Z\P\, X AN
|0‘38 | LN R
0 200 400 600 800 1000
M (GeV/c?)

FIG. 1. Values of leptonic branching ratio B times cross sec-
tion o for production of various new heavy gauge bosons in pp
collisions at Vs =2 TeV, as functions of gauge-boson mass M.
Solid line: Wg or Wx. Dark circle: prediction for standard
W. Dashed line: “Z,” (couplings that of standard Z, but mass
a free parameter). Open circle: prediction for standard Z,.
Dotted line: Zy [neutral boson in SO(10)/SU(5)]. Dash-dotted
line: Z, [neutral boson in E¢/SO(10)].



ppl— Wy
LN -
1 /5 =10,20,40 TeV

o B (nb)

4 6 8 10
M (W3) ( Tev/c2)

FIG. 2. Cross sections o times branching ratio B to eN
(8.3%) for W7 in pp (solid curves) and pp (dashed curves) col-
lisions. The three sets of curves refer to V's =10, 20, and 40
TeV, in ascending order. _

0B =1073 cm? is about 7 TeV.

We now display some rapidity distributions for light
and heavy gauge bosons.

In Fig. 6 we compare rapidity distributions for
pp—>Wt4 oo St 4 -+ at Vs =0.54, 2, 10, and 40
TeV. One can see that the cross section builds up to a
large extent at high y values, where W bosons are difficult
to detect, but that an appreciable increase of production
still occurs in the central region.

At Vs =40 TeV, the effect of valence quarks can be
clearly seen in W production (Fig. 7). Two “wings”

oB(nb)

0 2 4 6 8 10
M (Wg) (Tev/c?)

FIG. 3. Same as Fig. 2 for Wx.
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o B (nb)

M (Z,)(TeV/c?)

FIG. 4. Same as Fig. 2 for Z,, with decay branching ratio re-
placed by B,.=4.16%.

occur for pp collisions, and one wing for pp. The wings
are absent for pp—W .

A similar comparison for Z, production is made in
Fig. 8. (By Vs =40 TeV, there is almost no difference
between total cross sections for pp and pp—Z,). Sub-
stantial production is occurring at very high |y | values.

Examples of heavy boson production at Vs =40 TeV
are given for Wy of mass 2 TeV/c? and Zy of 1 TeV/c?
in Figs. 9 and 10. The maximum rapidity for production
of any boson of mass M is

!y |max=1n(‘/§/M) . (4.14)

For masses above 1 TeV, the detection of heavy gauge bo-
sons even at Vs =40 TeV does not require the observa-
tion of especially high rapidities, since 1n40=3.7. More-
over, events are fairly uniformly distributed in y.

V. FORWARD-BACKWARD ASYMMETRIES

A distinctive signature of the W, Z, and other hy-
pothetical heavier gauge bosons is the forward-backward
asymmetries in their production and leptonic decays.
Consider the two-body process gg—II in the quark-
antiquark center of mass. Let the angle between / and g
be 6* in this frame. Then the angular distribution is a
linear combination of (1+cosg*)? and (1—cos6*)? contri-
butions: '

do

e LZLZ RZRZ 1 2
d(cosf)*)oc( o LRy R+ costr)

+(LR2+R,’LA)(1—cos8*)?,  (5.1)
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1.0

M (W) ( Tev/c?) T " T 1 |
I pp—
e s R 0 0.8 Lepty 40
10°% pp - z
i V5 =40 TeV i - -
=
5 04f 10
B [aa]
- L 2
< 10 o 0.54
S 5 0 1 ] |
© 6 -4 -2 0 2
a
N Yw*
'O—.’)GL_
FIG. 6. Rapidity distributions for pp—W++ --- It
L 4+ -+ at Vs =0.54, 2, 10, and 40 TeV (labels on curves).
=39
10 0 where L,, L, are left-handed couplings to quarks and lep-
2 tons, and R,, R; are right-handed couplings. For
M(Z)(TEV/C) A+B__)WZR+...__)I++...,
M(W) (TeV/c?)
0 2 4 GIS 8 2
T l T I Ls T 0- e 2
———————— o U (x{)Dp(x,)(1—cos8*)
168 PP - dy d(cos6},) & AT
/5 =40 TeV _
i ) +D 4(x1)Up(x,)(14cos6*)?;  (5.2)
Ns | ]
ST
S 107 N for A+B—>Wig+ - —I"+---,
| (b) J 2 — ,
Y ﬁ&—)-mbﬂx,)vﬂxﬁ(ucow‘ﬂ
Y 1 | c I_
i0 0 1 2 3 4 _
M(Z) ( TeV/c) +T4(x1)Dp(x;)(1—cos6*) . (5.3)

FIG. 5. Bo for heavy W and Z production at Vs =40 TeV.
Branching ratios are as in Figs. 2—4, and B..(Z})=2.78%. (a)
pp collisions; (b) pp collisions.

For Z production, A+B—Z+ ++* —I"+ ",

TABLE IV. Maximum W§ and Z » masses in TeV/c? attainable at specific cross-section levels.

Vs —
(TeV) Bo=10"% cm? 103 cm? 1038 cm? 10~% cm?
wi 10 3.2 2.3 2.9 1.9
20 5.3 3.8 4.4 2.7
40 8.6 5.8 6.5 3.7
Wr 10 2.7 2.0 same
20 4.5 3.1 [ as
40 7.3 48 wi
Zy 10 22 15 1.9 1.1
20 35 2.3 2.8 1.5
40 5.6 3.3 3.8 2.0
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R e T T T ] T T
/2REN w+( ) p p —.Z _ o+

os [ N - -1
= / A N1 _ 02 40 1
= - )
- 06/ o L\ = |
) k wi(pp) . - T
5 I s <
-c§ 041 1 =) M =1 .g O.l- 10 ]
&S [ Pp—=W(8IGeV) 2 7

0.2~ /I Ly “\ | 2 |

J /5 =40Tev ' ﬁm\
0 L T N W
6 -4 2 0 2 4 6 0 1 LI
‘ -6 -4 -2 0 2 4 6
Yw
y z°
FIG. 7. Rapidity distributions for W™ production by pp and
Vs =40 TeV. Note that FIG. 8. Rapidity distributions for pp—Zy—I~1% at

pp, and for W~ by pp, at
B[do(y)/dy] (pp~—W~)=B[do(—y)/dyl(pp—>W*).

Vs =0.54, 2, 10, and 40 TeV (labels on curves).

2
. do U(x)Tg(x5)[(L,2L%+ R, 2R2)(14c0s6* )2 +(L, 2R+ R, 2L ;) (1 —cos6* )]

dy d (cosd]_)

+ U ,(x1)Ug(x)[(L, 2L+ R, 2R;?) (1 —c0s6* > + (L, R;*+ R, ALY (14 cos6* )2 ] +(U—D) ,

where in (5.2)—(5.4) we denote the forward direction by
that in which hadron A4 is traveling. We shall always take
A to be a proton; B may be p or p.

Forward-backward asymmetries Agg may be construct-
ed by binning data with respect to rapidity. For any fixed
y, we define

F—B

AFB:m , (5.5)
where
F+B= [f1+f0 ]d(cos@*)—d*za——— (5.6)
- 0 J-1 dy d(cos6*) ’
0.3 T T T T T
Wy (pp) Wy (pp)
= 7 ‘\\
= 0.2 // W;(pp) \\ -
> // _( ) \
2 - We lpp \ _
3 / Rp \
I
O A A
i/ pp—=We(2Tev)=-\ N
- .:-' IN '-.. —
/5:40TeV |
0 ! 1 L1 !
-3 2 -1 0 1 2 3
Ywg

FIG. 9. Rapidity distributions for Wg (2 TeV) production by
pp (dashed and dotted curves) and pp (solid curves) at Vs =40
TeV.

(5.4
I
We then find, for A+B—>Wig+ -+ It 4+,
D,Uy—U,D,
AFB-"—%—:A;—B‘*J’;; (5.7)
DAUB+UADB
for A4 B—>Wig+ -+ —I"+---,
D,Uy—-U,D
AFB=—3-—A—_B__L£ . (5.8)

DAﬁB+ﬁADB ’
andfor A+B—Z+ - =174 -,

4
F+B« ? [(U,Upg+T, Ug)L, 2R, (L,*+R}?)
+(U—D)]. (5.9)
T T | T | T I
0.21 N .
:—5 /// pp \\
=S r /4 ™ 1
= [Py (17eVc?) N
B OlF / Leeer \ A
o J5 =40 TeV
v 1 1 | | | | 1
=0 1 3
YZX

FIG. 10. Rapidity distributions for Zy (1 TeV) production by
pp (dashed curve) and pp (solid curve) at Vs =40 TeV.
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TABLE V. Relative values of left-handed and right-handed couplings to quarks and leptons for vari-
ous Z’s (defined in Sec. III). Here we take x =0.22, and normalize L,2+R,?>=1.

u quarks d quarks charged leptons
Boson L,>? R,? LS R;? L? R.?
Z, 0.853 0.147 0.971 0.029 0.618 0.382
Z 1 1 L 2 S L
x 2 2 10 10 10 10
1 1 1 1 1 1
Zy 7 7 7 7 7 T
z} 0 1 1 0
1 1 1 1 1 1
z5 7 7 7 7 7 7

What makes Agg so useful for identifying gauge bosons
is that each boson has a particular signature. When
valence quarks dominate, in pp—>W* 4+ -+ It 4 -+
UA5B>>5AUB’ SO AFB""_%’ while in pp—)W
+ - —>l—-+ MR DAI7B>>(_]—ADB9 SO AFBz+%. Pos-
itive leptons follow the p direction, while negative leptons
follow the p direction. This conclusion does not depend
on the handedness of the W’s, as long as it is the same for
quark and lepton couplings.

For 2Z’s the relative values of left-handed and right-
handed couplings are summarized in Table V. The left-
right asymmetries for Z, are expected to be small and
very sensitive to xj because L,2=R,? when xp =+, a
value close to the observed one. Larger asymmetries are
expected for Zy, still diluted somewhat because
L,*=R,% No asymmetnes are expected for Z, (purely
ax1al couphngs) or Z§ (purely vector couplings). Maxi-
mal asymmetries are expected for Z; 1 which couples only
to right-handed d and left-handed e~

We give examples of predicted asymmetries as func-
tions of y in Figs. 11—16. Several comments are in order.

(1) In pp interactions, the forward-backward asym-
metries are necessarily antisymmetric about y =0. They
rise (or fall) to very near the maximum (or minimum)

\“r\ S T T

\
40 10\ 2\ \0.54
0. A A + ‘

[S))

"(pp)\ AN . W

-4

FIG. 11. Forward-backward asymmetries Agg of [* in W+
c.m. system as functions of W™ rapidity y;b in pp (dashed
curves) and pp (solid curves) — W+ —I*y. Curves are labeled
by total c.m. energy in TeV.

values attained in pp collisions at the same energy when
one moves away from y =0.

(2) For M /V’s >0.1, asymmetries in pp collisions are
nearly constant over a wide y range. As V's increases,
these asymmetries become washed out in the central re-
gion as sea-sea collisions begin to play a larger role in
gauge-boson formation.

(3) The asymmetries in Z production indeed are very
sensitive to the specific forms of couplings, as one sees by
comparing Figs. 13, 15, and 16. The asymmetries in Zx
production fall off for large | ¥ | because the Zy 1s main-
ly produced by u quarks in this region, and L, 2_R,%.
The signs of the expected asymmetries in Z, productlon
(for xy <) are opposite to those in Zy or Z} produc-
tion, for the same beam and value of y.

If data can be binned with respect to rapidity, there
should be no problem in determining asymmetries in pp or
pp collisions. This method has been ‘examined in detail
for a specific detector design,*® and found satisfactory for
measuring asymmetries in the decay of a Zy with mass 1
TeV/c2

There are more global variables sensitive to weak asym-

_ metries in W and Z decays. The detection of asymmetries

in W decays is straightforward in pp interactions. As
mentioned, positive leptons tend to follow the p direction,
while negative leptons follow the p direction. This effect
has already been used to measure the spin of the W.*!

0.5 .
o
< OF .
L / _
40,7 10," 2/ 10.54
~osf- /0 tee) .
// / ;!
/ / / /
7 A sl ) 1 |
-6 -4 - 0 2 4 6
yw‘

FIG. 12. Same as Fig. 11 for W—, I~.



/ /,
7/ /y
40,7107 2/ 10.54
oY | 7 / / ] (pp) _
: /oy /0

\__//\__/ NN

l I I L L

-6 -4 -2 0 2 4 6
yz°

FIG. 13. Agg of I~ vs Yz, in pp (dashed curves) and pp

(solid curves)—Z,—1~I*. Curves are labeled by total c.m. en-
ergy in TeV.

The asymmetry is substantial, as shown in Fig. 17. It is
expected to persist as long as valence quarks continue to
play a major role in W production. As an example, we
show the corresponding distribution for pp— Wg(2
+TeV)—I* at Vs =40 TeV in Fig. 18. Here we have
defined

CRl=pl/pra=2p'/M=sin6* , (5.10)

where M is the mass of the gauge boson. (As elsewhere,
transverse momentum in gauge-boson production is
neglected.)

In pp interactions, the lepton distributions are sym-
metric about 90°. However, the forward-backward asym-
metries in cos6* lead to different distributions in laborato-
ry angles and transverse momenta for /= and /*. An ex-
ample is shown in Fig. 19, which is a composite of two
figures symmetric about 90°.

0.75 S T T
a0 \10 . ,
0.5 (pp) "\ \ WR(ZIGV/C )
\ £ N
0.25F ‘N -
N
£ o0F k .
<C o W\
\\
-0.25|- \\ -
\
-0.5 40 (pp) \\ ]
0, N \\
- .7 | ! 4. N
0 5—-3 -2 -1 0 1 2 3
+
wa

FIG. 14. Agg of It in Wi c.m. system for My, =2TeV, vs
yi;'JR. (Other labels as in Fig. 11.) For Wy, reverse signs of
, Agg and yy.
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0.3 T T T
o~ Il TeV/c)

0.2 B /l \ L'Z-2+ ]

Yz, |
FIG. 15. Agg of I~ vs vz, for sz=1 TeV/c?, vs Yz,
(Other labels as in Fig. 13.)

A global variable of some usefulness in pp interactions
is the total lepton energy (E; ), where (here y is the boson
rapidity)

Mgt M
—_— —_—— h H .
1= 2sin0 2 (coshy +cos@*sinhy)

For pp—W ) —1%, the lepton is thrown toward the cen-

(5.11)

N T\ '3 ]
05 \\ \\ ZI“TGV/Cz)
ol o \ - =
\\ \\ L’ll+
40\ \10(pp)
N \\ i
\
o N
< Of N\ ]
\\
A\
5 o\ i
40 \ \\
\
-0.5 100p) \ \ ]
| \
-4 -2 0 2 4
yz§

FIG. 16. Same as Fig. 15 for Z}.
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1.0 & 1.0
L, .
L pp—=W 4
L L—j+ J '
05 /5:0.54 Tev 3 05f : i (b) S
T . o - o L
| 0.5-1 (A8=5° 1 pp—=W(2TeV/cD) | pp—=Wgy(2 TeVi")
- v (R) (RI**
| '>| Iés}pb per bm{Ax*=o.l ] I g L-,t
o_ | A L /5 =40 TeV /s =40 TeV
0° 90° 180° 0° gt 90° e o
O+
T + - :
FIG. 17. Distribution of leptons I+ in pp—W+ FIG. 19. Distribution of leptons [* (a) and I~ (b) in

Vs =0.54 TeV, with respect to laborato-
1

+~-—>l++~-at
ry angle 91+_p between /T and p, and the variable X
=p (1) /prmax(I*). (1 pp=10"% cm?).

tral region and its average energy is reduced. For
pp—W (gy—1~, the lepton is thrown toward larger |y |
(smaller angles with respect to the beams), and has larger
energy. For pp— W7, the lepton energies also differ by
virtue of the differences in y distributions of W and
W —, and are somewhat dependent on details of structure
functions. However, for pp—Z, the lepton energies are
unequal purely because of the decay asymmetry.

Lepton distributions in Z decays are shown in Figs.
20—22. The patterns are not grossly asymmetric.
Nonetheless, in pp—Zy—17, the average lepton energies
differ notably from one another. :

Lepton energies are compared at Vs =40 TeV for vari-
ous reactions in Fig. 23, as a function of gauge-boson
mass. For pp—W{(, (2 TeV), the I* energies differ
by more than a factor of 2. By reversing the form of the
coupling at the quark or lepton vertex (V+A—VFA4), we
have changed that most of this asymmetry is indeed due
to the coupling form, and not to the difference in y distri-
butions of produced bosons.

The maximum mass of a particle for which the lepton
energy asymmetry can be a useful variable depends on
detector resolution as well as on the (calculable) distribu-
tion of lepton energies. A crude estimate in which these
distributions are assumed to be very broad suggests that
this method may be satisfactory even for Zy as high as 3
TeV/c? in mass at Vs =40 TeV, if a pp experiment with
f & dt=10" cm~2 can be performed. According to Fig.

1O T

0.5 pp—~Wg(2Tev/c?)
QJ. £+
/5 =40TeV
E2-486-8] b per [ A9=5"
o} @a-6m>8 Jbin of L AR =0.I
P TR
0° 90° 180°
e('-p

FIG. 18. Distribution of leptons It in pp— Wz (2 TeV)
4+ - —>I*t4 - at Vs =40 TeV. (1 f5=10"% cm?).

pp—>Wig 2 TeV)+ -+ —1%¥+ -+ at Vs =40 TeV. Shading

codes are as in Fig. 18.

5(a), one would expect 160 Zy—I~I" decays under these
conditions. The predicted energies are (E,_)=1.94 TeV,
(E,.)=2.49 TeV for My=3 TeV/c? Vs =40 TeV.
This is a 25% difference. If 16 events are required to see
such a difference at the lo level (25%=1/v'16), 160
events will show more than a 3¢ effect.

Another global variable sensitive to weak asymmetries
is the forward-backward asymmetry of leptons in the
gauge-boson center of mass, defined in terms of integrals
over gauge-boson rapidity:

(App)= fdy(F—B)/fdy<F+B) :

with F and B defined in (5.6). This quantity is nonzero
for pp interactions. Examples of its values are shown in
Fig. 24.

As gauge-boson masses increase, asymmetries become
more pronounced because valence quarks play a larger

(5.12)

‘role in production. Cross sections decrease with mass, as

shown in Fig. 5(b). The highest masses of gauge bosons
for which an asymmetry can be detected as a 4o effect are
summarized in Table VI. A pp experiment at Vs =40
TeV, [ .2 dt=10% cm? can detect a 40 asymmetry us-
ing this method up to Mz =1.6 TeV/c?. The corre-
sponding mass for pp, V's =40 TeV, f Zdt=10* cm?,
using the energy asymmetry mentioned earlier, is 2.7
TeV/c? for a 4o effect. However, as mentioned, that esti-
mate was more dependent on detector details than the
present one.

Oy

0.8}

0.6

QJ.

0.4

0.2f4= /52 Tev :
05‘;'3 S N -':':o
0 90 9 180
0:0-13:2-3 : [T
@12 @:3-4 @:24)P0/biN OF Ap e

FIG. 20. Distribution of leptons [~ in pp—Z,

4+ lm4 -+ at Vs =2 TeV.
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FIG. 21.
TeV)+ -+ —I"+ -+ at

Distribution of leptons I~ in pp—Z, (1

Vs =40 TeV.

For pp—Z4(92 GeV /c?)—I1~ at Vs =2 TeV, we find
(App),=0.109 at xy,=0.22. The asymmetry is expected
to vanish at xy =+ and to be approximately linear in
xw — 4 for small deviations from this value:

<AFB>yz3'5(O-25—xW) . (5.13)

The total cross section for pg—Zy—1~"1% at Vs =2 TeV
is estimated to be 150 pb (Table III). In an experiment
with f £ dt =10%" cm ™2, we estimate that an asymmetry
as small as ( Agp ), =0.07 could be detected at the 40 lev-
el. This would correspond to xy=0.23. The asymmetry
is thus a potentially sensitive “vernier” for determining
the deviation of xy, from +.

VI. EXPERIMENTAL SIGNATURES

A. Specific features of Wi and Z, decays

The detection of heavy gauge bosons is an experimental
challenge that in our opinion has not been sufficiently ad-
dressed. A report in the 1982 Snowmass proceedings im-
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FIG. 22. Distribution of leptons /= (a) and /* (b) in pp—>Zy

(1 TeV)+ - -+
in Fig. 21.
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FIG. 23. Comparison of average lepton energies at Vs =40 ‘
TeV in pp collisions (solid curves) and pp collisions (/*: dashed
curves; I ~: dotted curves) for (a) Wy decay, (b) Zy decay.

plies that the signatures for such bosons are straightfor-
ward.*? For several reasons, we regard this optimism as
premature.

(1) The leptons in Wy or Z decay can be quite energet-
ic, with up to nearly 5 TeV of transverse energy and con-

Mz (TeV/cz) :
0 1 2 3 4

0 T T T
-0.2- Zx — -

"o 3 PP
£ -04F 2/~ /5:40Tev
— - + —
o6 W(R)\
-0.8 L ] I |

My, (Tev/c?)

FIG. 24. Forward-backward asymmetry of leptons (!~ for Z
production, I+ for W+ production) averaged over gauge-boson
rapidity for pp—2Zy, Z}, and Wi at Vs =40 TeV. The for-
ward direction is always defined by the proton.
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TABLE VI. Examples of estimated highest masses for detec-
tion of a forward-backward asymmetry in gauge-boson decay.
Bosons are produced in pp interactions at V's =40 TeV. .

Maximum mass in

No. of events TeV/c? for
Gauge boson Asymmetry  required f £ dt=10* cm?
Wi ~¥0.7 20 5.6
Zy ~—0.2 200 1.6
z; ~—0.6 50 2.4

siderably more longitudinal energy (if Vs =40 TeV).
Muon identification at these energies is quite difficult.
Electron identification may require very specific planning
if the event rate is expected to be high, and particularly if
more than one interaction per bunch crossing is anticipat-
ed.

(2) The leptonic decay of Wy involves the right-handed
counterpart N of the neutrino. This neutral lepton may
be considerably heavier than any of the quarks or leptons
in its generation. Its mass is probably, though not neces-
sarily, less than that of the W.*® Its decay has distinc-
tive signatures which we shall analyze presently.

(3) The decays of Zy to charged-lepton pairs are prob-
ably the most “ordinary” feature of this particle, since
B(Zy—e*e™) is predicted to be 4.2% for three fermion
generations. Unusual features of Z, decay include the
predicted relative suppression of Q=% pairs [Eq. (4.6)]
and the presence of a mode Zy— NN with branching ra-
tio ~10% for each of three flavors of N (assuming three
generations). As for Wy, the subsequent decay of N can
provide a distinctive decay signature.

B. Some aspects of N decays

We now outline some properties of N that might be im-
portant in detecting Wy and Zy,. More details can be
found in Refs. 44 and 45.

(1) The N may be a Dirac particle, decaying to a
“right-sign” lepton, or a Majorana particle capable of de-
caying to each sign of lepton.** Lepton-sign information
thus is crucial in untangling signatures which might have
originated in Wy or Z, decays.

(2) The N may decay via virtual Wy emission, via mix-
ing with v, or via both mechanisms.

If N decays via virtual Wy emission, its decay rate
should be equal to

4
GFZMNS MWL

— ||, 6D
1927 | My,

T'(N;—I~ +hadrons)=9

where the factor of 9 refers to three  colors times three fla-
vors of weak isodoublet quarks (ud,cs,tb). We thus ex-
pect

_Tu MWR %& 6.2)
MT 9 | My My )
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This expression can be written as
4
My 100 GeV |’
=(1.2Xx10~'6 : £ .
™, (1.2% sec) > TeV M, (6.3)

The leptonic decay modes, present for ordinary leptons
such as 7, are absent here for the lightest N, since the vir-
tual W5 would have no lighter leptonic channel to which
to decay. (A heavier N; would also have leptonic decays,
Np—IU'"+N;+1.)

Even if decay occurs only via mixing with v, the
predicted decay rates grow with My. For My >>M Wy

we expect®

GpMy3
r “WH)=—F|Uy |?, (6.
(N —I1~wW) -y | Un, | (6.4)
GrMy?
(N Z0=——"-|Uy |2. .
WioviZ =7 | Unl (63)

The mixing parameter U, N, is model-dependent. In a
model in which N; is a Majorana particle, we expect

UlemD/MNI s (6.6)

where mp is a Dirac mass of order of m,, the charged-
lepton mass. Then

‘ 3Gme2MN
Ny)y=—r—Fr— 6.
TalN)=""70"7 6.7
or
: 2
1 GeV 100 GeV
=(1.3x10~% 6.8
T, =(1.3X sec) mp My, (6.8)

It is conceivable that for mp very small, even a N; of
mass 100 GeV can travel far enough to leave a detectable
gap between its production and its decay.

If My is lighter than M (W), Eq. (6.8) is replaced
by*5:46

16ev ™
| o

N

7N, ~(5X 107" sec) (6.9)

The power of My in (6.9) reflects both the M > depen-
dence in the Fermi expression for the lifetime, and an ad-
ditional M —%2 dependence which is a phenomenological
fit to the opening of new channels in virtual W and Z,
decay. With Uy, given by Eq. (6.6), we would then have

3.2 2

1 GeV
My

1 GeV
mp

7N, ~(5X 1072 sec) [ (6.10)

Values of My above 1—2 GeV are not excluded by
present experiments.** Thus, if N is sufficiently light, it
could travel some distance from its production point be-
fore decaying, especially if produced in decays of a very
heavy Wx or Zy.

It is thus crucial when searching for new heavy gauge
bosons to.anticipate the emission of neutral particles other
than neutrinos which may have distinctive decay signa-
tures. These neutral particles can (a) decay immediately,



(b) decay at a secondary vertex inside the detector, or (c)
escape the detector entirely. The lifetime estimates
(6.8)—(6.10) show that all three possibilities should be an-
ticipated.

C. Rapidity distributions and asymmetries

We have discussed in some detail in Sec. V the distribu-
tions of leptons produced in heavy-gauge-boson decays.
These can provide distinctive “fingerprints” of the bosons.
Maximal asymmetries are expected for right-handed W’s

and for some types of Z’s. The most likely new Z, the

Zy, also is expected to have a characteristic asymmetry in
its couplings to d quarks and electrons, though its cou-
pling to u quarks does not exhibit this asymmetry.

For both pp and pp interactions, the asymmetry

(da/dy)coso*>0—(a’or/dy)cos¢ <0
(do-/dy)cosﬁ“ >0+(d0/dy)cos6f* <0

App(y)= (6.11)
is a useful quantity. Here y is the rapidity of the gauge
boson, while 6* is the angle of lepton emission with
respect to the proton direction in the gauge boson’s rest
frame. For pp interactions App(y) necessarily is antisym-
metric about y =0.

Global variables which can be useful in detecting these
asymmetries include the following.

(1) Total cross section in the hemisphere cos6* > 0 vs its
value for cos6* <0. This allows one to measure an asym-
metry { Agg) which is nonzero for pp interactions.

(2) Lepton laboratory energies (E,_) vs (E,,). These
will differ from one another for pp interactions. In the
case of Z production, this difference is due entirely to the
decay asymmetry. For W* production the difference be-
tween (E,_) and (E,, ) contains information both on de-
cay asymmetries and on differences in do/dy for W~
and Wt.

There is some possibility for ambiguity in the sign of
cos6* if only a single lepton is observed. The two solu-
tions correspond to different values of longitudinal
momentum carried by the other lepton. If the other lep-
ton is charged or decays rapidly (as N might), this ambi-
guity can be resolved directly. If it is not observed, its
longitudinal momentum must be inferred by momentum
balance in the detector.

D. Exotic products: general features

We have mentioned the Zy as one source of new parti-
cles: it decays frequently to pairs of new heavy leptons N,
if My <Mz /2. This is a general feature of new heavy

gauge bosons. They can connect “old” states of matter
with “new.” A more dramatic example occurs for Z,,
which can decay to a whole new class of fermions [be-
longing to SO(10) 10-plet and singlets] as well as the more
familiar SO(10) 16-plets. Possible signatures of these new
states of matter include longer lifetimes (since they would
mix weakly with the old states), characteristic weak-decay
chains favoring lepton emission, and (of course) elevated
masses (since the charged varieties have not been observed
in e Ye ™ annihilations).

30 NEW HEAVY GAUGE BOSONS IN pp AND pp . . . 1485

E. Experimental design considerations

We conclude this section with some recommendation
for experimental designs.

(1) It is crucial to determine lepton signs in searching
for new gauge bosons. These are important for several
reasons. First, one wishes to reduce backgrounds by com-
paring [*1% pairs with /*]~ pairs. Second, many of the
asymmetry tests we suggest here depend crucially on lep-
ton signs. In view of the large energy of the expected lep-
tons, determination of their signs will be experimentally
challenging at multi-TeV energies.

(2) Longitudinal-momentum balance often plays a role
in resolving a two-fold kinematic ambiguity when a single
lepton from a heavy gauge boson is detected. In order to
resolve this ambiguity, nearly full coverage of 47 by the
detector is desirable.

(3) We have not addressed the question of whether very
heavy gauge bosons can be detected via their decays to
quark-jet pairs. This appears to be a detailed question of
detector resolution, but preliminary efforts to detect W
and Z decays by this method so far have proved
unpromising.

VII. SUMMARY AND DISCUSSION

We have given an overview of right-handed W (“Wy”)
and heavy Z(“Zy”,...) production and observation in
multi-TeV pp and pp collisions. The crucial features are
these:

(1) Wx should be produced very similarly to W, aside
from its mass. Its leptonic decay is characterized by cou-
pling to eN rather than ev, where N is the “right-handed
neutrino.”

(2) Zy production in pp and pp collisions is somewhat
more difficult than that of a heavy Z, with standard cou-
plings. (The Zy is the unique additional neutral boson ex-
pected if one gauges B —L as well as weak hypercharge,
and if it is much heavier than the standard Z.)

(3) The highest W mass that can be attained is about
9 TeV, if values of 0B (cross section times branching ra-
tio) of 1073 cm? can be studied in pp collisions. The
heaviest Zy that could be seen under these conditions is
about 6 TeV. For pp collisions with 0B > 10~ cm? the
corresponding mass limits are My, <7 TeV, M 7, <4
TeV. All these estimates are for V's =40 TeV.

(4) Distinctive aspects of Wy and Zy decays include (a)
very hard leptons, whose nature and sign must be identi-
fied, (b) neutral leptons N which are probably heavy and
which may travel a finite distance before decaying, and (c)

“characteristic forward-backward asymmetries of emitted

leptons.

(5) Other heavy Z’s also have been discussed. These in-
clude (a) a particle Zy, coupled to the U(1) charge in
E¢>S0(10)XU(1)y, (b) a Z}, coupled to an SU(2) in
E¢DSU(6)XSU(2);, where the I (inert) SU(2) subgroup
commutes with electric charge, and (c) a horizontal Z,sf,
member of an octet of SU(3), coupling differently to dif-
ferent generations. These illustrate the range of possibili-
ties to which one should be receptive in multi-TeV col-
lisions.
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In what context are Wpx’s and Z’s in the multi-TeV
mass range interesting?

(1) Grand unified theories do not provide much gui-
dance with regard to masses. There is some tendency for
Wy to be extremely heavy (> 10° GeV) in such theories.*?
The mass of the Zy is less constrained. However, the Zy
cannot be too much lighter than N, which in turn is relat-
ed to the Wi by a Yukawa coupling, or NN loops will
contribute too much to the Zy mass. To summarize, the
idea of Wy and Z, accessible at accelerator energies may
be a long shot.

(2) Some hint of a possible multi-TeV scale for W,
comes from CP violation. If the scale for m(Ky)
—m(K2)=Am sets the inequality My, >1-2 TeV,'% and
if the amplitude e~2 X 10~3 for CP violation is at least in
part due to Wx-W, loops, we can estimate

My, ~€7 12X (1—2 TeV)=20—50 TeV . (7.1)

This is above the values quoted in Table I, but not by
much. A somewhat more optimistic estimate
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My, =10 TeV x2*! (7.2)
is given by Harari and Leurer.!! One can thus envision at
least the beginnings of a direct assault on energy scales of
interest in CP violation at the next generation of pp or pp
colliders.
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