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We explore the sensitivity of the ongoing Fermilab Tevatron search for charged, right-handed gauge
bosons Wz+— to various model dependent assumptions such as the magnitude of the SU(2)z gauge cou-

pling, the values of the right-handed Kobayashi-Maskawa mixing matrix elements ( V& );,, and the nature
of the right-handed neutrino. These results also have important implications for DESY HERA searches
for right-handed currents.

PACS number(s): 14.70.Fm, 12.60.Cn, 13.85.Qk

Despite the many successes of the standard model
(SM), there are many reasons to believe that new physics
must exist at a scale not far above that being probed by
current accelerator experiments. These beliefs originate
from the fact that too many of the pieces of the SM are
put in by hand in order to conform to experimental ob-
servation. Perhaps one of the oldest of these pieces is the
V —A nature of the charged current interaction which
forces the SM gauge group to be its canonical
SU(2)L XU(1}r structure. One of the earliest extensions
of the SM, the left-right symmetric model (LRM} [1],
which is based on the gauge group

SU(2)L XSU(2)s XU(1),

"explains" the apparent absence of right-handed currents
(RHC) by associating them with a much more massive

gauge boson Wz . This model, in its more modern, super-
symmetric version, can be nicely embedded into an
SO(10) grand unified theory (GUT) structure which yields
correct predictions for sin 8(Mz) and a, (Mz), interest-
ing relationships among neutrino masses, and which al-
lows for the possibility that Wz can be lighter than a few
TeV [2] and hence potentially visible at existing or
planned colliders. In this paper we would like to focus
upon several specific aspects of this model related to the
direct searches for Wz at the Fermilab Tevatron. As we
will see, these considerations will have important implica-
tions for the RHC searches at DESY HERA as well.

In order to establish limits on the masses of Wz's, ei-
ther from low-energy data or from collider searches,
there are five important aspects of the LRM which come
into play which can be phrased as a series of questions, as
follows.

(i) How large is the ratio of the SU(2)~ and SU(2)I
coupling constants, ~=gz /gL? Ordinarily one might ex-
pect such a ratio to be of order unity and it can be shown
[3] that internal consistency within the LRM requires
that z )x /(1 —x ), where x =sin 8„. Numerically,
this implies sc 0.55. Within the GUT context, however,

is either very close to unity or lies in the range
0.55(~(1. The implication of the size of ~ for Wz
Tevatron collider searches is quite obvious as the produc-
tion cross section is quadratic in sc. Thus as a decreases
(increases) in magnitude, the resulting Wz search reach is

reduced (enhanced).
(ii} What is the magnitude of the mass of the right-

handed neutrino, v~? Clearly, if neutrinos are Dirac
fields, then vz is simply a part of the four-component v
spinor and is thus essentially massless. However, if the
rather attractive seesaw mechanism [4] is invoked, vz is a
heavy Majorana neutrino. If the Dirac path is realized,
the lightness of the neutrinos imply that they appear as
missing E or p, in collider detectors and that polarized p
decay experiments [5] can place stringent limits on the
Wz mass, of order 480 GeV, as well as its possible mixing
with the SM W. If, however, v„'s are heavy, this situa-
tion changes drastically. For example, if vz's are more
massive than a few hundred MeV, then they cannot be
produced as final states in K, m. , or p decay, thus avoiding
the low-energy bounds. If vz's are even heavier, they can
easily decay inside the collider detector and the missing E
or p, signature is lost. The resulting final state would
then consist of two leptons plus two jets with only one of
the leptons being isolated and at very high p, . Depending
on the vz mass, the second lepton and both jets may be
quite close in b,R. Such a scenario would require a com-
pletely different search technique than what is conven-
tionally employed and is outside of the scope of the
present paper.

(iii) What is the branching fraction (B) for leptonic
Wz decays? Since conventional Tevatron searches re-
quire the presence of a high-p, lepton, a reduction in the
value of B due to the existence of Wz decays into non-
SM final states, such as supersymmetric (SUSY) particles,
will result in a loss of mass reach.

(iv) Perhaps the most important and least easily ad-
dressed question is, what are the values of the elements of
the "right-handed" Kobayashi-Maskawa (KM) mixing
matrix, Vz? Most analyses of the LRM assume that the
elements of Vz and the conventional KM matrix Vl
differ at most by phase factors. If V~ = VL, then it has
been known for some time that considerations of the
EL —Kz mass difference result in a strong lower bound
[6] on the mass of Wz of 1.6 TeV, thus placing it outside
the search capabilities of existing colliders. If, however,
we remove the constraint of V~ = VL and allow Vz to be
arbitrary, even in the absence of fine tuning we find that
Wz can be as light as 280 GeV for a top quark mass of
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160 GeV. Also if VR differs from VI significantly, the
8'R production cross section at the Tevatron can be
drastically reduced since the initial valence ud parton flux
has the greatest luminosity. It is important to note that
HERA searches for RHC are not susceptible to this VR

uncertainty. Consider the scattering of eR off of valence
u quarks via 8'R exchange. At the parton level, depend-
ing on the form of VR, the initial u quark is transformed
mostly into d, s, or b quarks. However, if we sum over all
three final states and neglect the b-quark mass as a first
approximation, we find the resulting cross section to be
independent of VR due to the fact that VR is unitary.
This implies that the usually quoted search reach for O'

R

at HERA [7], using right-handed polarized e beams, of
approximately 400 GeV (assuming i~ = 1 and light v~ 's), is

quite insensitive to the form of VR. We note, however,
that the corresponding result for eR+ may be reasonably
VR sensitive since in this case the initial valence d quark
can be transformed into u, c, or t quarks. Since top
quarks are quite massive, their production is highly
suppressed so that we can no longer make use of the uni-
tarity argument above and the possibility of strong VR

dependence in this channel remains. We note that if vR's
are suSciently massive as to decay inside a HERA detec-
tor, the game is totally different as the SM background is
now drastically reduced. It has in fact been shown by
Buchmiiller et al. [7] that the Wx search range is
significantly enhanced (to over 700 GeV for 120-GeV
vR's) in this case.

(v) A last question one might ask is, what is the mass
of the Z' associated with the O'R in the LRM? In gen-
eral, the masses of these two particles are related, in the
absence of mixing, via the expression [3]

~w„(1—x )i~ —x
2 2

(1)

where the parameter pii takes on the value 1(2) if the
SU(2)x breaking sector consists solely of Higgs doublets
(triplets). (The triplet scheme is favored in the seesaw
scenario for neutrino masses. ) From this we see that un-

less the SU(2)„breaking sector is somewhat unusual, the
Z' will always be more massive than the 8'R. While 8'R
search limits may be sensitive to VR, however, those for
Z' are not, although they too are subject to uncertainties
in a and the Z' leptonic branching fraction. For ~=1
and Z' decays to SM fermions only, the Collider Detec-
tor Facility (CDF) published limit [9] from the
1988—1989 run of 412 GeV on a Z' with SM couplings
would translate into a indirect, but VR independent,
lower limit on Mw of only 302(214) GeV for pz =1(2).

R

An incomplete analysis of the CDF electron data from
run Ia places the corresponding lower limit of 495 GeV
on a Z' with SM couplings which would imply the VR in-
dependent lower limit on Mw of 371(263) GeV for

R

pii = 1(2). While these results are instructive, the bounds
we obtain are relatively weak and could be significantly
loosened if pR were greater than 2 and/or the Z' leptonic
branching fraction were suppressed.

As discussed above, there are many addition con-
straints on the mass of 8 R that one may wish to apply

before performing the Monte Carlo study below. For ex-

ample, Langacker and Sankar [6] have performed a very

detailed analysis of the constraints on the LRM that arise

from rare low-energy processes in addition to the

KL —K~ mass difference discussed above. As is well

known, these constraints can be quite strong but are
highly dependent upon assumptions we make about other
sectors of the LRM, in particular, the symmetry-breaking
sector and its corresponding mass spectrum. The ex-
istence of, e.g. , light charged Higgs bosons or neutral
Higgs bosons with small flavor-changing interactions can
lead to a great relaxation in these constraints. Other O'

R

mass bounds can arise from radiative correction analyses
of precision measurements, which make use of, e.g. ,
CERN Large Electron-Positron Collider (LEP), p life-
time, and W boson mass data [8]. Within a fixed
symmetry-breaking scenario, one can turn a limit on the
Z' mass and Z —Z' mixing angle into a lower limit on
the 8'„mass. For example, choosing a minimal scalar
sector involving SU(2)x breaking via triplets and SU(2)t
breaking via a single bidoublet, and assuming that the
8 R does not contribute to p decay, the LEP constraints
can be shown to lead to a lower limit of M~ ——650 GeV

for a. = 1, as demonstrated by Langacker's analysis in [8].
(Other analyses obtain similar bounds depending on the
data set they use. ) However, if we give up the assump-
tion of minimality (as we must to generate the observed
fermion mass spectrum) and/or allow additional degrees
of freedom to contribute significantly to loops (as can
occur in many versions of the LRM), this type of bound
can be lost entirely. In the analysis we present below,
since we are only interested in direct searches for the 8'R,
we will not assume that these additional potential con-
straints are applicable. However, we must remember that
within certain versions of the LRM they can be quite im-
portant.

The strongest published bound on the WR mass from
direct Tevatron searches is that of the CDF Collabora-
tion [9] obtained from their 1988-1989data by combining
their electron and p samples: M~ «520 GeV. Their

analysis assumes Harriman-Martin-Roberts-Sterling set 8
(HMRSB) parton distributions [10], t~= 1, VL

= Vx, and
8 =

)2, with M. & 15 GeV and v„appearing as missing
R

energy (E) or missing transverse momentum (P, ). (The
DO Collaboration has recently reported a corresponding
preliminary limit of M~ «600 GeV from the 1992—1993

R

Tevatron run Ia with essentially identical assumptions
[11].) With data from Tevatron run Ia currently being
analyzed and the 1993—1994 run Ib soon to begin in ear-
nest, we would like to address the issue of how these ex-
isting limits, as well as the limits obtainable from the new

data, would be modified if these assumptions are
loosened. In what follows, we will still assume that the
vR is suSciently light so that neither the leptonic branch-
ing fraction nor the gf, signature are significantly affected.
(Of course, we still can take these vii's to be sufficiently
massive in order to avoid p-decay constraints while main-
taining their "stabihty" as far as collider searches are
concerned. ) For simplicity we will assume 8 to be direct-
ly obtainable from a calculation including only SM final
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states once finite top-quark mass and three-loop QCD
corrections are applied. [To be definitive, we assume

m, = 160 GeV and take a, (Mz )=0.123 which we then
run up to Mz using the three-loop renormalization-

R

group equations. ] We thus will address the sensitivity of
the Tevatron searches to variations in ~ as well as Vz. In
our analysis, a11 production cross sections will be calcu-
lated assuming the (CTEQ set 1M) (CTEQ1M) [12] par-
ton distribution functions as well as a "j:factor" arising
from QCD corrections [13].

Let us first deal with varying Vz assuming ~=1; we
will return to the more sophisticated case below. In gen-
eral, the elements of Vz are determined by three angles
and a number of phases. In order to demonstrate the sen-
sitivity of the Tevatron Wz search to variations in Vz, it
is suScient to assume only a single phase is present. We
first generate a single set of these parameters and calcu-
late the absolute squares of the nine elements in Vz,
~(Va ),J ~

. We next calculate the parton level processes

q;q& Wz Ivz and weight them by the corresponding
parton luminosities evaluated at Q =Mii . When these

R

are scaled by the squares of the elements of Vz and
summed over i,j, a final total cross section is obtained for
a fixed 8'z mass. M~ is then increased until the experi-

mental limiting value is reached. For the 1988-1989run,
we use the CDF limit curve as presented in their paper
[9]. For runs Ia and Ib, we will simply rescale this CDF
curve by the corresponding ratios of the integrated lumi-
nosities. This approximation does not allow, however,
for improvements in the detector acceptance or back-
grounds analyses. Since we are more interested in how
the Wz search reach changes as Vz is varied, we feel this
is a reasonable simplification for this kind of analysis.

The above procedure needs to be repeated many times
via a Monte Carlo simulation so that an adequate cover-
age of the Vz parameter space volume is obtained. This
can be judged by increasing the number of generated
points in this space by an order of magnitude and observ-
ing the sensitivity of the resulting limits to this variation.
For a fixed value of ~, we find that 10 points proves to be
quite adequate to cover the entire Vz parameter space
volume. Once the Wz mass limit for each of the generat-
ed points in the Vz parameter space is determined, we
cluster them in bins of 2 GeV and present the results as a
histogram over the Wz mass. In an alternate approach,
one can imagine instead using the Monte Carlo simula-
tion to generate the squares of four of the elements of Vz
and then using unitarity to obtain the others. This
analysis would then assume that the squares of the Vz
elements would have flat distributions instead of the cor-
responding flat distributions for the angles and phases
themselves. The results of these two approaches would
yield qualitatively similar results.

Figure 1(a) shows the results of this procedure for the
CDF 1988—1989 Tevatron data sample with ~= 1.
Several features of this figure, in addition to the rather
long tail to the left of the peak, are important to observe:

(i) A reasonably large fraction of the "events" lies
close to the upper end of the distribution; in fact, 23.5%
lies at or above 500 GeV. This means that for a sizable

fraction of the parameter space volume the actual Wz
mass reach is not too much different from what would be
obtained if Vz =

VL, .
(ii) 29.8%%uo of the events lies below 400 GeV, the nomi-

nal HERA search limit. This would imply, based only
upon this set of data, that HERA may still have a sizable
chance to be able to observe RHC even if v„ is light.

(iii) A statistically significant enhancement is observed
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FIG. 1. Histogram of the 8'R mass reach at the Tevatron as-
suming a= 1 employing the CTEQ1M parton distributions as
well as a "K factor" from QCD corrections. Results are shown
for (a} the 1988—1989Tevatron run, as well as for Tevatron runs
(b) Ia and (c) Ib. In case of run Ib an integrated luminosity of 75
pb ' is assumed.
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in the region near M~ =360 GeV. This arises from a
R

situation where ( V„)„, is big and takes advantage of the
fact that the us parton luminosity is the second largest.

(iv) Although it is unlikely, there is a small chance,
0.61%, that M~ may lie at or below 300 GeV.

R

The generic shape of this distribution persists for in-
creased integrated luminosities (as well as for diFerent
values of ~). Figure 1(b) [Fig. 1(c)] shows the correspond-
ing results for run Ia (Ib); in the Ib case, an integrated
luminosity of 75 pb ' has been assumed. From Fig. 1(b)
we see that if no 8'z candidates are observed after the
data is analyzed, the probability that HERA can observe
RHC (for the case of light vz ) is still nonzero, but quite
small, i.e., only 0.23%. Note that the distribution has
elongated as well as flattened and the "us ' enhancement
still persists near 470 GeV although it appears to be
somewhat smaller. Increasing the luminosity further to
the run-Ib case [Fig. 1(c)], we see that these general
trends continue. At the 75-pb ' level, we see that there
are no events below about 460 GeV, implying that RHC
would not be observable at HERA if the Tevatron data
show no hint of 8'z with this integrated luminosity.

What happens when Ir&1? The case where V~ =
VL is

rather simple and is shown in Fig. 2 where the mass
reach for the three Tevatron runs is plotted as a function
of ~. Note that for 0.55 ~ ~ 1, which is the theoretically
expected range, the mass reach can vary by as much as
100 GeV. One possible way of dealing with arbitrary ~ is
to present results similar to the above for some represen-
tative values, e.g. , in Figs. 3(a)—3(c), we show what hap-
pens for ~=0.85. Essentially, to a first approximation,
all of the curves in Fig. 1 are simply shifted to the left,
i.e., to lower values of W~. As a second approach, taking
the theoretical bias into account, we may imagine treat-
ing ~ in the above range as a free parameter and placing
it on an equal footing with the various angles and phases
in Vz as part of the Monte Carlo simulation. To do this,
we increase the number of points in the V~ parameter
space by 2 and generate an equal number of ~ values for
which we also assume a flat distribution. The result of
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case where (Vz)„d is large but ~&1 reduces the limit
from its maximum allowed value. In the case of the
1988-1989run, e.g., the maximum search reach for large
( Vz )„d is reduced, on average, about 60—70 GeV which
explains the position of the peak. Note that the approxi-
mate position of the peak relative to the largest M~

R
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FIG. 5. Mass reach as a function of ~ for the 1988—1989
Tevatron run (dotted) as well as for run Ia (dashed) assuming
that VR takes the form as given by the Gronau and Wakaizumi
model. The solid line is the 95% C.L. upper bound on the WR
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FIG. 4. Same as Fig. 1 but now sc is allowed to vary within
the Monte Carlo simulation along with the elements of VR over
the range 0.55&a ~1 in accordance with theoretical expecta-
tions.

value stays roughly constant as the integrated luminosity
is increased. The somewhat smaller peak at lower M~

R

is the result of the large (VR)„, possibility as well as
feed-down from the case of large ( Va )„d when a is close
to 0.55. We note that as the integrated luminosity in-
creases, these two peaks separate and the one at larger
M~ becomes more pronounced, although its height is

R

not increased, while the smaller one is reduced to being
nearly a shoulder on the tail of the low mass end of the
distribution. This results in an increased skewness of the
mass reach distribution. Also, as the luminosity in-
creases, the apparent widths of these distributions
change; we can see this by calculating the average value
and standard deviation of the 8'z mass reach for these
three cases. We 6nd M~ =397.7+62.2, 540.5+76.4,

R

and 629.8+82. 1 GeV for the 1988-1989,Ia, and Ib runs,
respectively.

As an application of the above analysis, we briefly con-
sider the model of Gronau and Wakaizumi (GW) in
which b-quark decays occur only through the exchange
of $Va's [14] and vz is relatively light. Assuming the
form of Vz as originally suggested in their model, we can
now calculate the Tevatron mass reach as a function of ~
as shown in Fig. 5. The rather large values obtained here
can be easily traced back to the large size of ( Vz )„d in
this scenario. Similarly, we can determine an upper
bound on the Wz mass in their model by demanding

agreement with the most recent determination of V,b
[15],which is also shown in Fig. 5. Combining these two
constraints, we see that the 1988—1989 CDF Tevatron
data forces M~ & 560 GeV and ~) 1.35, while the anti-

R

cipated results from run Ia will increase these limits to
M~ &750 GeV and ~) 1.85, assuming no signal events

R

are observed. One may argue that although such large
values of a may be a priori allowed, they are perhaps un-
naturally large and are certainly outside the range antici-
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pated in grand unified models. Clearly, data from Teva-
tron run Ib would only push both these quantities to even
higher values, assuming no signal events are observed.
We may conclude from these considerations that for this
model to remain viable, a difFerent form of V„ from what
was originally suggested must be assumed.

In summary, we have analyzed the sensitivity of Teva-
tron searches for 8'~ to various assumptions about the
parameters of the LRM, in particular, the value of ~ and
the form of the right-handed mixing matrix, Vz. Hope-

fully, 8'z will be suSciently light so as to be observed in
the next round of collider experiments.
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