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We examine the possibility of using rare, three-body decays of a new neutral gauge boson Z, to probe
its gauge couplings at hadron colliders. Specifically, we study the decays Z, — Wiv and Z, —Zvv and
find that much knowledge of the Z, properties can be obtained from these processes. In particular, these
decay modes can yield valuable information on the amount of Z,-Z, mixing, on the generation depen-
dence of the Z, couplings, and on the properties of the new generator associated with the Z,, as well as
being used to distinguish between possible extended models. Standard model backgrounds to these
three-body decays are discussed, and we find that the rate for pp —>ZZ —>Zvv eclipses that of
pp —Z,— Zvv at hadron supercolliders. The analogous three-body decays into a new, heavy charged
gauge boson, Z, — Wil ¥4, are also investigated in models where this can occur.

PACS number(s): 13.38.+c, 12.15.Cc

It is now commonly accepted that if a new neutral
gauge boson (Z') exists, it should be observed by direct
production, via pp—~Z'—171", at both the Supercon-
ducting Super Collider (SSC) and CERN Large Hadron
Collider (LHC) if its mass is of order a few TeV or less [1]
(provided it couples to both g7 and / *1 ™ pairs at or near
electroweak strength). Indeed, if a Z’ is discovered we
will want to learn as much about it as possible; in particu-
lar, the next logical step would be to determine its gauge
couplings and the extended model from which it origi-
nates. Unlike e "e ™ machines, hadron colliders are limit-
ed to only a few measurable quantities with which the
new gauge boson properties can be determined. In addi-
tion to obtaining the Z' mass, the planned SSC and LHC
detectors [2] will be able to collect data on the Z' produc-
tion cross section and subsequent decay into !/ *1~, the
full Z’ width, and the leptonic forward-backward asym-
metry. Unfortunately, these measurements will not only
be statistics limited but also will experience reasonably
large systematic effects due to finite mass resolution and
efficiencies as well as uncertainties in the collider lumi-
nosity. To further extract coupling information, uncer-
tainties in the parton distributions will also contribute to
the systematic errors. If, however, several theoretical as-
sumptions are made, one can use the above data to distin-
guish new Z' bosons from different models with reason-
able reliability [3].

In order to obtain more information on Z' couplings,
we need an additional set of quantities, which do not
suffer the large theoretical or systematic uncertainties
discussed above, can be measured with reasonable statis-
tics, and yet are sensitive to the particular extended mod-
el. Since decay modes involving leptons provide the
cleanest signatures and the conventional / ¥/~ mode is al-
ready being used to discover the Z’, one of the next possi-
bilities to consider is various three-body decays. One po-
tential process [4], which has recently been revived in the
literature [5], is to look for the decay Z'— W*I Tv, and,
in particular, to measure the ratio
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_IN(Z'— wWElFv)
0NZ'—I1717)
which suffers very little from the above-mentioned sys-
tematic uncertainties. (We note that in this definition of
r;,w We sum over both W¥ modes, but there is no sum

over [ which we assume to be either e or u.) A second
such useful quantity [5] is the corresponding ratio

Tvw ’ (1)

NZ'—>Zv/v,)

"Wz = o 1, —. (2)
NZz'—I1"17)

wherein a sum over the three generations of v;v, is as-
sumed. If one allows for decays of the Z’ into two jets
plus a W* or Z, two additional quantities can be defined
which parallel 7, and r,,, above. We feel, however,
that though W™ or Z+jets final states from Z' decay
might be separable from standard model (SM) back-
grounds, these modes will not be clean. We then restrict
our attention to 7,y and r,,,, where we will find that
these two quantities have the potential to reveal much
about the nature of the Z'. However, as we will see
below, large SM backgrounds make the signal for 7,,,
extremely difficult to observe. B

We first examine the process Z'— W*I Tv and the ra-
tio 7,,,- In general, as discussed in Ref. [4], this reaction
can proceed either by W emission off of a fermion leg, or
via a Z'WTW ™ coupling which exists only if the Z’
mixes with the SM Z. The Feynman diagrams responsi-
ble for these contributions are displayed in Fig. 1. If
Z-Z' mixing is nonvanishing, then both the Z and Z' are
not mass eigenstates. The physical states will then be

Z,=Z'cos¢—Z sing ,
Z,=Z'sing+Z cos¢ ,

(3)

with the state Z, being the one probed at the CERN
ete™ collider LEP, and Z’'(Z) must be replaced by
Z,(Z,) in the discussion above. We emphasize that the
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Z, Wt W~ coupling only occurs via this mixing. Following Ref. [4] and Marciano and Wyler [6], we can then write the

quantity 7, as

2
r —_—G—FAJ_W(UZ _+_02 )’“1{1[( + )2+( + )Z]H +( + )( + )H
ww Vo 21 21 F LWy Ay Uy, T a3, 1 Vo T Ay NVy,, T ap M13
+ I =s405 ) Hy —s4ch[(vy +ay)—(vy,+ay,)1H, Y, 4)
[

where the v’s and a’s represent the various vector and
axial-vector couplings of the Z, to charged leptons and
neutrinos, s, =sing, and cy =cosfy,, with Xy =sin’@y,.
Note that the last two terms in this expression are pro-
portional to the amount of Z-Z' mixing and arise from
the diagram of Fig. 1(c). The quantities H; are the results
of performing one-dimensional integrations over modified
forms of the functions given in Ref. [6]. These
modifications occur from H, 4, only (the terms that arise
from the Z,W " W™~ coupling), since we must now in-
tegrate over the W resonance requiring that the finite W
width, I'y,, be included in the calculation. This was not
included in the analysis of Ref. [6] since both of the W’s
could not be on shell simultaneously as M, <2M,. Thus
the H; functions depend only on My, I'y, and the Z,

1+
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|41
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FIG. 1.
Z,—IvWw.

Feynman diagrams responsible for the decay

mass, M,. Clearly, ;5 will be quite sensitive to 5,70;
when s5,=0, only the above terms with H, ; will remain.
For the moment, we will assume that s,=0, and will
neglect any possible influence from W-W' mixing. In
Fig. 2 we present the number of events expected per year
at the SSC with an integrated luminosity of 10* pb~!
from the process pp —Z,— W*I T v as a function of the
Z, mass for various extended models, which are dis-
cussed below. We see that hundreds of events are expect-
ed for Z, masses up to ~2 TeV in most models. Here we
have included a lepton identification efficiency [2] of
€=385% for each lepton.

If a Z, exists, it must couple to a new diagonal genera-
tor D originating from an extended gauge group. If D
and the ordinary SU(2); generator T;; commute, i.e.,
[D, T;;1=0, or if only

(D, Ty 1lve,1 ) =0 (5)
is satisfied, then v,; +a,, =v,, +a,, and 7, simplifies to
GrM},
ow=——=—=(H,+H;) vy +a,)v3+ad)" . @)
w5 3NV Tay )y Tay

Note that Eq. (4') can never be satisfied when 5,70 since
D will then contain the term —s5,(T3;, —xpQ) and nei-
ther Q nor T;; commutes with T'; ,;. We will return to
Egs. (4) and (5) after a brief discussion of 7, .
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FIG. 2. Number of events expected for the process Z, —IvW
neglecting Z-Z' mixing at the SSC with 10* pb™' of integrated
luminosity as a function of the Z, mass. From top to bottom,
the dash-dotted curve corresponds to the SSM, the dashed curve
to the HARV model (with s,=0.5), the dotted curve to the
ALRM, the solid curve to the ER5M Yy, and the short-dotted
curve to the LRM.
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Let us also examine the ratio
r=0NZ,—Z,ff)/T(Z,—1"17),
which is given by
GFM% (vlf +alf)2(l]2f+azf)2+(vlf“‘alf )Z(sz_azf )2
r= A 2Vt f 2 2 I, (6)
8\/27T 1)) 21 “+a 21

where N, is the usual color factor, I is a two-dimensional
parameter integral which depends only on M? /M3 (when
fermion masses are neglected), and N, labels the number
of flavors of a given type. For three generations of left-
handed neutrinos, N, =1, N,=3, vy,=a,,, and v,,=a,,,
so that

_ 3GFM% 4U%VU%V
2‘/5772 U%["'a%]

N

rvwz

Here we have assumed that all the various couplings are
generation independent in performing the sum over v,,
v,, and v.. Note that with our normalization convention,
4v?, =1 when 54=0. We anticipate that, unlike 7,
7.,z Will not be greatly affected by s,70; we will see fur-
ther below that this is the case. For now, we continue to
assume that 54=0 and also take Eq. (4') to be valid; we
then see that
v3,

rvwz=Kz , (8)

v3 a3
and, using the fact that v,,+a,,=v,, +a,, together with
a,,=Uv,, we find
K s 9)
rnow=Kpy———5 .
T v +al
Here Ky, ; are functions of the gauge boson masses only
(M,, My, and M,) and are independent of the choice of
extended electroweak model. Thus, if the above condi-
tions hold, all predictions for r,,,/r;,,» must lie on a
straight line, i.e.,
[ K
Tivw KW
Furthermore, Eqgs. (8) and (9) tell us that both r,,, and
r1,w are bounded:

0<r,w=;Kyp,
(11)
Ofrwzf%KZ 5

with the lower (upper) end points of these ranges occur-
ring for a purely right-handed (left-handed) Z, coupling
to leptons. Thus not only is the ratio r,,, /7;,, model in-
dependent, but the value of the quantities themselves are
restricted to a small region of the r,, -7, plane, with
both being dictated solely by the values of M, , and My,.
In addition, the position of the measured values of r,,,
and r;,y along the line will yield information on the ratio
of the vector and axial-vector couplings of the Z,, up toa

twofold ambiguity, v;<>a;.

As an application of these results, we now examine the
r..z-"1»w blane for some of the more well-known extend-
ed gauge models, taking M,=1 TeV for purposes of
demonstration. We also use M;=91.175 GeV,
My, =80.14 GeV, I'j,=2.15 GeV [7] and x5, =0.2330 in
our numerical analysis below. We stress that all these re-
sults assume s, =0.

Most extended models have generation independent
couplings and have generators satisfying Eq. (5), thus pre-
dicting that the set of values for r,,, versus 7, lic on a
bounded line segment; this is seen explicitly in Fig. 3.
The solid line indicates the range of values permitted in
the superstring-inspired E¢ effective rank-5 model ERSM
[8], where the Z, couplings depend upon a parameter
—90°<6=<90°. In the figure, ¢ labels the point 6=0°
whereas y labels the point 6=190° in these models. In
the left-right-symmetric model (LRM) [9] the only free
parameter is the ratio of the SU(2), z couplings,
k=ggr /8. [10]. Note that on general grounds, it is ex-
pected [11] that k<1. L labels the point in the figure
where gr/g. =1, while the extreme case of
k*=xy(1—xy)"! coincides with the point x. The posi-
tion of the prediction for the alternative left-right model
(ALRM) [12], based on Eg theories, is labeled by A4, and
that of the Foot-Hernandez (FH) model [13] is labeled by
F. The expectations for the Z, model of Mahanthappa
and Mohapatra [14], where the new generator D is pro-
portional to Y /2, coincides with those of FH. Although
all these models are quite different, their predictions for
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FIG. 3. Values of r,,; and 7, predicted by the various
models discussed in the text when s, =0.
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the ratio r,,, /7,y are found to lie on a straight line
within the bounded region as expected.

Other models shown in Fig. 3 demonstrate how Egs.
(10) and (11) can be violated if certain conditions are met.
Several models predict that the new generator, D, will not
satisfy Eq. (5), particularly if the Z, couplings are pro-
portional to T;;. In the ununified model (HARYV) of
Georgi et al. [15] (labeled by H in the figure),
D ~tXT§L —Tth;I, where ¢, =tany with y being a mix-
ing parameter, and T'{ are the third components of the
lepton and quark isospin generators. Clearly, Eq. (5) and
thus Eqgs. (10) and (11) are not satisfied in this case. This
can also happen in some compositeness-based Z, models
[16], or ones which predict that the Z, is just a heavier
version [17] of the Z; in the latter case, the prediction is
marked by S in the figure, while a Z, whose couplings
directly depend on T; will occupy the same position on
the figure as in the model of Georgi et al.

A second possible source of deviation from the straight
line prediction of Eq. (10) arises from the additional as-
sumption used in Eq. (7) that the leptonic couplings of
the Z, are generation independent. In the model of Kuo
and collaborators [18] (KUO), the third generation cou-
ples differently than the first two, whereas, in the Lepto-
philic model [19], where differences in lepton number are
gauged, the third generation decouples completely from
the Z,. The expected values of 7, and r,,, in these
two models are labeled by K and E, respectively, in Fig.
3. In the Leptophilic case, the values shown in the figure
are only for purposes of demonstration, since this Z, can-
not be produced at a hadron collider. As a last example,
the predictions from the model of Li and Ma [20], which
also results in a violation of universality, are found to lie
along the vertical dashed curve labeled by m with the
particular position being dependent upon the value of a
model parameter p. For p =1, the model of Kuo et al. is
recovered. In fact, one finds that the expectations in all
models with generation dependent couplings and with
D~T}, lie along this dashed line in Fig. 3. None of
these models will generate values of r,,, and r,,;; which
lie on the straight solid line predicted in Eq. (10).

To summarize our results so far, we have observed that
if the following conditions hold:

(i) s4=0,
(ii) [D, Ty vy, I, > =0, (12)
(iii) v, and a,, are generation independent ,

then and only then will r,,; /r;, be model independent
and both quantities be separately bounded by 1Ky .
Thus, if a Z, is discovered and its corresponding values
of r,, and r,,, are determined, and it is observed that
these values lie “‘elsewhere” on the r,,,,-r;, - plane rather
than along the solid line, one can safely conclude that at
least one of the above conditions (i)—(iii) are not valid.
We have seen, however, that for s +»=0 only rather “exot-
ic” extended models, which do not arise from conven-
tional grand unified theories, fail to satisfy these condi-
tions.

As a final point of this discussion, we stress that a mea-
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surement of r;, and r,,, alone cannot uniquely deter-
mine the model of origin of the Z,. This can be seen
clearly from Fig. 3, e.g., in the case where the LRM and a
particular value of 6 from the ER5M predict the same
pair of values for 7, and r,,,. Even within the ERSM
itself, except for the cases where r,,,=r;, ;=0 and
Fyz=+Kz, r,w=2Ky (i.e., the two end points of the
line), each point along the line corresponds to two dis-
tinct values of the 6 parameter resulting from the v;«»>q;
ambiguity mentioned above. Thus, other data will be re-
quired to uniquely determine the origin of the Z,. We
note that the leptonic forward-backward asymmetry (in
the narrow width approximation) at hadron colliders is
also invariant when the vector and axial-vector couplings
of the Z, are flipped for both quarks and leptons. We
also mention in passing that, as discussed in Ref. [5], not
much information can be gained by considering the ratio
ryz (=rin Eq. (6) with £ =1). In this case we find

2vq,a 2v4;a
rp =K 1+ | 1 1; 221 2;
vy tay | |vytay,
2v,4,a
=Ky [140.135 | 22 | |, (13)
vy tay

where K, is again a model-independent constant and the
last equality holds for s;,=0 and x,=0.2330. The sensi-
tivity to coupling variations in r;; is thus seen to be sub-
stantially reduced compared to both ,,;, and r,,,,.

Next we examine what happens when a Z,, which
satisfies conditions (ii) and (iii) above when s ¢=0, is now
allowed to mix with the SM Z, i.e., what happens when
54 is nonzero. Clearly, condition (iii) remains valid, but if
(i) is violated so is (ii), as the new generator D now has a
term proportional to 5473, . For the case of r,,y, both
terms H, and H, in Eq. (4) will now contribute. To be
specific, we examine the effect of 5,70 in the ER5M,
ALRM, and LRM (with k=1); all of which satisfy condi-
tions (ii) and (iii) when s,=0. We first summarize some
properties of the Z-Z' mixing mechanisms before dis-
cussing its effect on 7,y and 7,5

For an extended model with Higgs scalars transform-
ing only as SU(2); doublets or singlets, the Z-Z' mass
matrix can be written as

M3 yM;

yM2 M; i (14)
with y being a model dependent parameter of order unity
and M, the value of the SM Z-boson mass in the absence
of mixing. The eigenvalues of this matrix, M %,2, corre-
spond to the masses of the physical gauge bosons Z, ,
given in Eq. (3). Since M, is known from LEP [21]
(=91.175 GeV), the value of ¢ is calculable from the
above Eq. (14), for a given value of the Z, mass, M,, ina
particular model (which then determines y). We can
write
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,_ Mi+MI— (M3 —MY)—4y’MiM3]

z 2(1+72) ’ 1)
ML =M}{+M;—M;,
so that one obtains
(M, 7) = 2y M7 (16)
s, Y)=—arctan |———— | .
2 M%—M;
For the various models we consider, y is given by
Yirm= —(1—=2xy)""%,
_ thfj—(l—ZxW)
VALRM T (e V(1 13)
172 (7
- Sxy Co So )
Y ER5M 3 Ve V10 s
Co Se -
— ==t |0+p)7",
Ve T vie | [T

where tg;=tanf8=v, /v,, the usual ratio of vacuum expec-
tation values (VEV’s) responsible for the top and bottom
quark masses, and sq(cy)=sinf(cosf) being the ERSM
mixing angle discussed above. Note that if 6=—90°
(model ) then y,= —{(2x,,/3)!/? is independent of the
value of tanf. In obtaining these expressions, we have
made the following assumptions. For the ER5M and
ALRM which are based on superstring-inspired Eg, we
assume that the only scalars responsible for SU(2),
breaking are the SUSY partners of the exotic fermions N
and N°€ that lie in the 27 representation. Since the quan-
tum numbers of these fields are fixed (for a given value of
6 in the ER5M case), this completely determines y except
for the VEV ratio, tanf3. In the LRM case, assuming that
the left-handed triplet VEV is small implies that the fields
in the “mixed-doublet” representation, (1,1) of
SUQ); XSU(2)g are mainly responsible for SU(2),
breaking. In this case, the tanf dependence factors out
and one is left with the above expression. We have for
the moment also ignored the possible influence of W-W’
mixing in the LRM case.

Since y is independent of tanf3 in both model y and the
LRM, the value of s, is then uniquely determined in
these cases once M, is specified. Figures 4(a) and 4(b)
display 7, as a function of M, for (a) model x and (b)
the LRM with y as given above (i.e., 5,7°0) and, for com-
parison, with 5,=0 set by hand. Clearly the effects of
54,70 on 7,y are quite striking as it produces a very sub-
stantial increase in the value of this parameter. (This re-
sult was anticipated quite some time ago in Ref. [4].)
Since vy is tanf dependent in the other models, we present
7w as a function of tanf in Fig. 5(a), assuming M, =1
TeV, for the ALRM and the three ERSM’s correspond-
ing to 6=0" (model ), 6= arcsin /3 ~37.76° (model
n), and 6= —arcsiny/3~—52.24° (model I). In all
cases, varying tanf3 away from the point where y =0, i.e.,
tanB=1(2, ~1.5) for model ¥ (model 7, ALRM), which
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FIG. 4. A comparison of the predicted values of the ratio
7w in (a) model y and (b) the LRM as a function of M, both
with (solid curve) and without (dashed curve) Z-Z' mixing.

corresponds to s, =0, can produce a substantial increase

in the value of r,,,,. A minimal value of r,,,, corre-

sponding to a choice of tanf8 which produces s, =0, will

exist for all values of 6 in the range —1/ 3 <tanf<1/3.

The value of tanB which yields these minima is given by
1+1/3tan6

tan’B=—-—— . (18)
1—1/3tané

Thus, for example, model I, with tan6= — _g, will not
experience any true minima of 7, for finite values of
tanf. This is demonstrated in Fig. 5(b), which is a three-
dimensional plot of 7, as a function of tanf and 6,
where a minima “valley” is clearly observable. We con-
clude that even though |¢|S1073 for M, in the TeV
range, this small amount of mixing can substantially
modify the expectations for the value of r;,, within a
given model.

How does Z-Z' mixing modify the values of r,,,? We
anticipate that there is little effect since 5,70 does not in-
duce a resonant contribution to this ratio. Hence, for
this case, the inclusion of mixing only results in a slight
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FIG. 5. (a) r;,» as a function of tanf3 assuming M, =1 TeV
for the E ER5M I (corresponding to 6= —52.24°), represented
by the solid curve; model n (6=37.76°), dotted curve, and mod-
el ¥ (0=0°), dashed curve; as well as the ALRM, dash-dotted
curve. (b) Three-dimensional figure of r,,5 as a function of
tanf and 6 in the ER5M. The x axis corresponds to 6 (ranging
from —100° to +100°), the y axis to tanf3 (ranging from 10! to
10Y), and the z axis to 7, (ranging from O to 5).

shift of the gauge boson coupling constants. Figures 6(a)
and 6(b) show r,,, as a function of M, for (a) model y
and (b) the LRM, and demonstrate that our expectations
are correct. Thus, for models which satisfy conditions (ii)
and (iii) of Eq. (12) when s,=0, the cleanest signal for
54,70 is that ), would be substantially increased while
7,,z would suffer only a slight modification. This would
correspond to a shift of the model predictions to the right
and off of the straight line in Figure 1. If r,,, and 7,y
were the only properties of the Z, that were measured,
this would imply that it would be impossible to separate a
model which violates conditions (ii) and (iii) with 5,=0
from a model which is shifted off of the straight line due
to a nonzero value of s,. As an example, the Leptophilic
model Z, would be indistinguishable from an ER5M Z,
with 6=~10° and with a value of tanB which increases
1w (via 5,7°0) by a small amount. However, the obser-
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FIG. 6. Same as Fig. 4 but for the ratio r,,.

vation of a violation of the bound on r,,, in Eq. (11),
would clearly signal that the conditions (ii) or (iii) are
violated independently of whether or not 5,=0. Thus,
while 7, is the more sensitive probe for the validity of
condition (i), the ratio r,,,, does the corresponding job of
testing the validity of conditions (ii) and (iii). Combining
knowledge of the values of 7, and r,,, with the mea-
sured values of the relative branching fractions for the
processes Z, —e *te ™, utu",and 777 would complete-
ly determine the validity of any of these conditions.

The greatest difficulty with using 7, as a probe of the
Z, couplings arises from the large SM background from
the process pp —2Z —Zvv. In order to compare the Z,
signal to the SM background, we present the missing
transverse momentum distributions for both processes at
the SSC and LHC with rapidity (Y) cuts of 2.5 and 0.5 in
Figs. 7(a) and 7(b), respectively, assuming a Z, mass of 1
TeV. The SM distributions fall rapidly with increasing
values of missing p, due to the presence of #- and u-
channel poles in the amplitude which force the two Z’s to
appear at small angles while still carrying large energies
in the parton-parton center-of-mass frame. On the other
hand, the rather soft missing p, distribution in the Z,
case is instead due to the bremsstrahlung nature of the Z
production process. In all cases, the missing p, distribu-
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tion shown for the Z, — Zv¥ signal in these figures must where o is the Z, production cross section (after ap-
be rescaled by a model- and rapidity-cut-dependent fac- propriate rapidity cuts) and B, is the Z, leptonic branch-
tor, f, which in the narrow width approximation is given ing fraction. Quite generally, one expects f to lie in the

by range 0.1-1 for most models depending on the rapidity
oB »2 cut and machine center-of-mass energy. Table I and
f= L D 19) Figs. 7(c)-7(e) display the quantity f for the SSC and
b . .
1 pb |v3,+a? LHC with both choices of the Y cut for a large number of
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FIG. 7. Missing p, distribution for the background process, pp —2Z — Zvv, at the SSC (solid) and LHC (dash-dotted) and for the
signal (dotted), pp — Z, —Z vV, assuming a rapidity cut of (a) 2.5 or (b) 0.5. The signal distribution must be scaled by the factor f de-
scribed in the text. (c) Value of f as a function of the parameter 6 in the ER5M at the SSC with a rapidity cut of 2.5 (solid) or 0.5
(dash-dotted) and at the LHC for a rapidity cut of 2.5 (dashed) or 0.5 (dotted). (d) Same as (c) but for the LRM as a function of the
parameter k. (¢) Same as (c) but for the HARV model as a function of the parameter s,. In all cases, M, =1 TeV is assumed.
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TABLE I. Values of the parameter f for the SSC and LHC
assuming either value for the rapidity cut for several different
electroweak models discussed in the text.

SSC LHC

Model 2.5 0.5 2.5 0.5
ALRM 1.172 0.249 0.314 0.091
SSM 2.794 0.664 0.656 0.213
LRM (k=1) 0.344 0.083 0.079 0.026
KUO 1.118 0.261 0.268 0.085
ISO 2.236 0.523 0.536 0.171
P 0.202 0.047 0.048 0.015
X 0.838 0.214 0.178 0.063
n 0.090 0.020 0.022 0.007
HARV (5,=0.5) 0.955 0.223 0.229 0.073

extended electroweak models. Combining these results
with those shown in Figs. 7(a) and 7(b) we see that the ra-
tio of the signal to background is somewhat larger when
the stronger rapidity cuts are made and missing p, cuts
are imposed. However, we also see that the signal always
tends to lie a factor of 2—-3 below the SM backgrounds
for all values of missing p, at both the SSC and LHC un-
less f takes on large values. A clean measurement of the
ratio r,,, appears hopeless, unless the background can be
determined directly from experiment.

As mentioned above, one could also gain information
[5] from the decays Z, — W+jets and Z, — Z+jets, how-
ever these particular processes will also suffer from severe
SM backgrounds, such as W or Z +n —jet production.
Not only is the leptonic process Z,— Wlv cleaner to be-
gin with, but its kinematic distributions should be able to
differentiate it from SM backgrounds such as pp — WW,
as well. The fermions in the decay Z,— ff will come out
relatively back to back and the gauge boson, which is ra-
diated off of one of the fermion legs via bremsstrahlung,
will be approximately collinear with the fermion and rela-
tively soft. Also, the resonance graph, Z,— W W~ will
have different kinematical properties [22].

Up to this point, we have ignored the possibility that a
new charged gauge boson, Wzi, may also participate in
three-body Z, decays. New charged gauge bosons are
present in several of the models discussed above, in par-
ticular, the LRM [9], ALRM [12], Li and Ma model [20],
and HARYV model [15]. In the Li and Ma and HARV
cases, the Z, and W3 are essentially degenerate so that
W3 final states in Z, decay are uninteresting. This is not
generally the case for either the LRM or ALRM, where
Z,—>W;1 vy is always kinematically accessible. The
two-body decay Z,— W, W, might also be allowed in
the LRM for a certain range of the model parameters.
To be concrete, we will neglect any effects associated with

J

N(Z,—Wilvg)
r =
MRz, 1)
_ GeMy,

-

o o X oovo

My, /My,

FIG. 8. The ratio MZ2 /sz as a function of « for a triplet

(solid curve) or doublet (dash-dotted curve) symmetry-breaking
sector.

W-W' mixing (which is naturally absent in the ALRM)
and Z-Z' mixing. The Z, to W3 mass ratio is
M%z _ K*(1—xp)

M, (1 —xy)—xy

PR > ) (20)

where k=g /g, is the ratio of SU(2); r couplings, and
pr probes the symmetry-breaking sector relevant for the
heavy gauge boson pair:
23 Tig v}

% 3R, 1 Higgs doublets,

" |2 Higgs triplets .

il

PR
> [-TRi( TR,. +1)— T%Ti ]Ui2

1

21

Here, the sum extends over the Higgs sector, v; is the
VEV of the ith Higgs boson, and Ty (T;g ) is the value of
isospin (third component of isospin) of the neutral Higgs
boson under SU(2); [10]. In the LRM, 0.555« <1 and
pr takes either value depending on whether the neutrinos
are Majorana or Dirac particles, whereas in the ALRM,
k=pgr=1 only. The two-body decay Z,—W, W, is
kinematically accessible in the LRM for the range
k50.63(0.77) with a doublet (triplet) SU(2); symmetry-
breaking sector. Figure 8 displays the ratio M. z,/ My, as
a function of « for both Higgs doublet and triplet repre-
sentations.

Denoting the Z,W, W, coupling as Agg, we can
define a ratio similar to r;,; above:

— =y +a3) {$vy —ay )Z‘HUzvR TGy, VIH | + vy —ay Ny, —ay,, JH;

2V 27

+%K2}\«2H’2 +KA'[(U21""021)_(U2VR _azvk )]H:‘,} y (22)
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where H;/=H; with the replacements My, —M wy Tw—T,. All four terms will contribute to 7,y since the cou-

plings are always linearly proportional to T (i.e., the condition v,, —a 2TV, Ty, does not hold in the LRM or

the ALRM). The parameter A introduced above is given by

K= (1+xH)xy 172

T — , (23)
Kk (1—xy)

which is simply M w, /M z, for pgr =1 (in analogy with the factor ¢, =M, /M, which is present in the SM trilinear
coupling). We note that the expression for Tiyw, assumes that vy is light relative to the Z, and W5; this is an excellent

approximation in the LRM with a doublet Higgs representation and in the ALRM where vy is expected to be light (the
exotic fermion S} in the 27 representation of E4, Ref. [8], plays the role of the right-handed neutrino in the ALRM).

For completeness, we note that the rate for Z, decay to an on-shell pair of W,’s is given by

2 2 5 372 5 2 2
o GFMl%V 3 M22 4MW2 MW2 MW2
NZ,>WW; )=———=—M, A« 5 - 1420 +12 (24)
24V2 %2 M}, 2z 2 M}
2 2 2 2

This width is potentially large for smaller values of «, as
in this case M %2 >M ,2,,2 and no mixing angle suppression
appears. Figure 9 presents the reduced width
TR=0(Z,->WSW; )/MZ2 as a function of « for both
types of symmetry-breaking sectors; note that in order to
set the scale and guide the eye, the corresponding ratio
for the SM Z decay into ete ™ is ~9.1X 1074 We see
from the figure that I' is only significant for the double
Higgs representation when x <0.61, but remains much
larger in the triplet case out to values of k~0.73.

Figure 10 shows the ratio Tivw, a8 a function of « for

both the triplet and doublet symmetry-breaking schemes
assuming Mzz=4 TeV for purposes of demonstration.

(This choice of M z, was made in order to avoid too light
a value of M W, for small x.) In the Higgs triplet case,
Yivw, remains above 1072 for almost all the entire range

of k, whereas, the ratio drops below this value for k ~0.63
in the case of scalar doublets. The very large value of
Yivw, at small « values arises from the strong resonant
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FIG. 9. The reduced width I'p for the same cases displayed
in Fig. 8.

[

contribution, Z,— W3 W, in a manner similar to what
we saw above in the case of Z-Z' mixing for
Z,— W] W. Similar results are obtainable for other
values of Mz,. For the ALRM, where k=pp =1, Tivw, 18

found 4to be extremely small and unobservable, i.e.,
<1077

In summary, we have examined the three-body decays,
Z,—WIv and Z,—Zvv, and have found that they can
be used to obtain much information on the properties of
the Z, for M, S2—3 TeV. In addition to being used to
differentiate between possible extended gauge models,
these processes can measure the amount of Z-Z' mixing,
the generation dependence of the Z, couplings, and the
properties of the new generator associated with the Z,.
In particular, if the Z, arises from a more “convention-
al” grand unified theory and Z-Z' mixing is absent, the
predictions for the three-body decays lie on a straight line
in the r,,y-7,,, plane, with the slope of the line being
determined by the mass of the Z,. If any of the condi-
tions stated in Eq. (12) are violated, then the values of

102
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FIG. 10. The ratio Frvw, for the same Higgs representations

as shown in Fig. 8.
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these decay rates will not lie on this line. The effect of
Z-Z’ mixing is to increase the rate for 7,,,,, while keep-
ing the prediction for r,,, relatively unchanged. Hence,
a measurement of r,,, > 1K, is a definite signal for the
violation of conditions (ii) and (iii) of Eq. (12), while a
measurement of r;,y > 1Ky, could also be a signature for
nonzero Z-Z' mixing. Unfortunately, we also found that
the rate for the SM background, pp—ZZ —>Zvv,
eclipses that of pp —Z, —Zvv, making detection of this
decay appear hopeless, unless the background can be
measured directly. Previous analyses have shown [23]
that with efficient cuts the process pp —Z,— Wiv is ob-
servable, and hence is the most useful probe of new gauge
boson couplings via three-body decays.
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We also find that the decays into a new heavy charged
gauge boson, Z, — W31 v, can occur in some models at
observable rates and would yield even more information
on the origin of the extended gauge sector.

We urge our experimental colleagues to consider these
promising three-body decays.

Note added. During the preparation of this manuscript
we received the related papers in Ref. [23].
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