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Csauginos as a signal for supersymmetry at pp colliders
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We present a comprehensive analysis of the signals from the pair production of the mass eigen-

states ( W, Z, and y) of the gauge-Higgs-fermion system for both CERN and Fermilab Tevatron
energies, assuming that y is relatively light ((10GeV) and escapes detection. The effect of varying
the mixings and the mass spectrum of the scalar fermions is also discussed for a general minimal su-

persymmetry model, assuming only that y is light. Signals from both the hadronic and leptonic de-

cays of W and Z are studied, incorporating cuts, triggers, and experimental resolutions appropriate
to the UA1 detector and Collider Detector at Fermilab. We show that if the decays W~ WZ and

Z ~WW are kinematically accessible, there is a substantial level of (i) jet(s) + pT events from the

hadronic decays of W and Z, (ii) a comparable level of background-free rnultilepton + pT events,

essentially free from hadronic activity from the leptonic decay of W and Z, and (iii) jet(s)
+ lepton(s) + p T events from the leptonic decay of one of the gauginos and hadronic decay of the

other. We present rates and distributions for these events and show that a conclusive absence of
such a signal could lead to more stringent direct mass limits on masses of the W and Z than are
currently available. Absence of multilepton signals implies m- &36—38 GeV, corresponding to

m- &42—44 GeV, whereas the recently announced UA1 limit on the sequential-heavy-lepton mass

translates to m- &40—44 GeV, corresponding to m- &45—50 GeV. We have also studied the sig-

nals from the decays of W produced in association with y. Although we find a substantial rate for
jet(s) + pT events, conclusions based on this signal would entail a study of the substantial
standard-model backgrounds. We also conclude that the single lepton + p T signal from the lep-

tonic decay of W would be very difficult to separate from the standard-model background from
W~lv and W~lvvv.

I. INTRODUCTION

Although the standard SU(3})&SU(2)XU(1) model of
strong and electroweak interactions describes successfully
all the known experimental data, it leaves many funda-
mental parameters unexplained, such as the ratio of gauge
coupling strengths, quark and lepton masses, the number
of quark-lepton generalizations, and intergeneration mix-
ing parameters. One of the most attractive ideas toward a
theory beyond the standard Inodel is grand unification'
where the relative strengths of strong, electromagnetic,
and weak interactions are explained in terms of a unique
coupling and the existence of a large mass gap, or desert,
between the standard-model mass scale ( —10 GeV) and
the unification mass scale () 10' GeV). It is generally
believed that the idea of grand unification can be realized
naturally, simply, and phenomenologically consistently
only with the help of an extra symmetry, supersymmetry,
which interrelates particles with different spins.

Supersymmetry (SUSY) should be broken since we do

not observe multiplets with different spin particles.
Moreover, in order for supersymmetry to be a solution to
the naturalness problem of grand unified theories, all the
superpartners of the standard-model particles should have
masses below —1 TeV. This is the region to be explored
by the present and planned colliders of the near future.
Since supersymmetry may open a window towards the un-
ification of all known forces including gravity, ' the ex-
perimental searches for superpartners have become and
will continue to be one of the most important tasks of
high-energy experiments.

Various searches for SUSY particles to date have yield-
ed only negative results. Electron-positron collider experi-
ments set the cleanest limits on SUSY-particle masses.
Since these are produced in pairs, direct limits on their
masses are typically equal to the beam energy ( & 23 GeV).
An exception to this is the limit on the Z-gaugino (Z}
mass obtained by studying the reaction e+e ~Zy,
which yields m —& 25—30 GeV for m- =0 and m,—(50
GeV (Ref. 9). In addition, there are indirect limits such as
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the limit on the scalar-electron mass (=66 GeV for
m- =0) obtained by the ASP experiment. '

Furthermore, an absence of new physics signals beyond
the standard model at the CERN pp collider should also
lead to bounds on SUSY-particle masses. For example, a
conclusive absence of a large number of missing-pr (pr)
events" can be interpreted' as lower bounds on scalar-
quark and gluino masses, rn-) 65—75 GeV ( m-) 60—70
GeV) depending on m- ( m-), with a possible exception of
a light (-3—5 GeV) gluino. ' ' Leptonic signals from
supersymmetry at hadron colliders have also been studied
for the cases of light scalar leptons, ' gaugino decays to
scalar leptons, ' and from the production of strongly in-
teracting SUSY particles. '

At this point it is worth noting that in the simplest su-
pergravity models, ' ' where the breaking of the elec-
troweak symmetry SU(2)~ XU(1) is induced by the break-
ing of supersymmetry via gravitational interactions, the
scalar masses are typically excepted to be —100 GeV.
Furthermore, in the supergravity models with m- &&M~,y
there are mass eigenstates 8' and Z in the gauge-Higgs-
fermion sector that have the same internal quantum num-
bers as the W and Z bosons, but are lighter than the cor-
responding gauge boson. Since the photino is the
cosmologically favored candidate for the lightest super-
symmetric particle, ' this scenario provides us with one of
the most attractive possibilities for SUSY-particle spec-
troscopy. If indeed the superpartners of quarks and lep-
tons are as heavy as or even heavier than 100 GeV„ then
the signature for supersymmetry most easily accessible in
the near future may well come from the weak-boson de-
cays into gaugino pairs:

8'~ S'y, 8'Z, Z~ 8'8' .

The produced W gauginos (W's) and Z's subsequently
decay via the processes

8'~ivy or qq 'y,
Z~lly or qqy .

(1.2a)

(1.2b)

This leads to characteristic n jets+ m leptons+ pr sig-
natures. Purely leptonic signals resulting from these de-
cays at the CERN collider have been studied in Ref. 16
under the condition that scalar leptons are lighter than W
and Z, i.e., when the gauginos decay via cascade process-
es:

8'~l v, l ~ly;
Z~l l, l —+ly .

(1.3)

Monojet signals from the decays (1.1) have been studied
by Cham seddine, Nath, and Arnowitt. In a recent
Letter, we reported the results of our survey of all n

jet+ m leptons + pz signals measurable at the CERN pp
collider.

In this paper, we expand on previous work by includ-
ing the details of the supergravity model with m- &&M~
and the presentation of all the relevant amplitudes.
Furthermore, the sensitivity of our results to large varia-
tion of scalar-fermion masses is exam. ined for the light-

(1.5a)

Z~vv, v~vy (1.5b)

are then dominant. Since in this case the Z decays mainly
into an unobservable mode we only consider the multilep-

ton signals from Z~W W, which can be substantial.
This signal would also be accessible at electron-positron
colliders, particularly at the Stanford Linear Collider
(SLC) and CERN LEP.

This paper is organized as follows. An SU(3)
XSU(2) XU(1)-invariant supergravity model is presented
in Sec. II. The chargino (A, and charged Higgs fermion)
mass matrix is diagonalized exactly and the neutralino
Q 3,A, ~, and two neutral Higgs fermions) mass matrix is di-
agonalized approximately by assuming m- &&M~. All
the interaction Lagrangians used in the paper are present-
ed in terms of the mass eigenstates. In Sec. III we present
all the lowest-order tree-level amplitudes which contribute
to gaugino pair production allowing for off 8'and Z res-
onance production. A11 the helicity amplitudes are
presented using the formalism of Ref. 26. Using this for-
malism, we can present the expressions for the amplitudes
which are needed to calculate distributions of gaugino de-
cay products with full spin correlations in a compact form
which can be easily evaluated numerically. The ampli-
tudes for 8'and Z decays are given in Sec. IV. The con-
volution of the production and decay amplitudes neces-
sary for the calculation of the final particle (quark, lepton,
and photino) distributions is also explained here. The
reader who is interested only in the results but not in the
technical details may skip Secs. III and IV without much
loss of continuity. Numerical results on jet(s) + pr sig-
nals from the hadronic decays of 8' and Z may be found
in Sec. V for both CERN and Tevatron collider energies.

photino case and the consequences of the scenario where
the scalar neutrino becomes light ( (m —) are also studied.

Numerical results are given for both CERN and Fermilab
Tevatron collider energies.

In the majority of our analysis we have studied the case
when the vacuum expectation values of the two Higgs
fields that occur in all supersymmetric models are approx-
imately equal (U =U'), the scenario favored by many su-

pergravity models. ' ' Our results are insensitive to
scalar-quark and scalar-lepton masses () 100 GeV) as far
as these are approximately degenerate. When these
masses become very high (m-=m& )350 GeV), the decay

mode

Z~qq 'W or lvW (1.4)

starts dominating the decay modes (1.2b). The W would
still decay via the usual modes (1.2a). In such cases only
the WZ signal would be somewhat modified.

Once we drop the condition v =v', then the approxi-
mate degeneracy of scalar-quark and scalar-lepton masses
is no longer true and indeed scalar neutrinos can become
quite light in the renormalization-group studies starting
from a common scalar mass at the unification scale. The
decay pattern of 8"s and Z's changes drastically when
the scalar-neutrino mass becomes lighter than the gaugino
masses; the decay modes

W~l v, v~vy;
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The corresponding results for multilepton + p r signals
from the leptonic decays of 8' and Z are given in Sec. VI
and for jet(s) plus lepton(s) + pT events in Sec. VII. The
single-lepton signature resulting from a 8'of mass greater
than =45 CxeV (produced mainly via &~Wy) is exam-
ined in Sec. VIII. The case v&v' is considered in Sec. IX,
with the discussion mainly focusing on the possibility of a
light scalar neutrino. Section X contains a summary of
our results and our conclusions. The helicity-amplitude
techniques used in our computation are reviewed in Ap-
pendix A. Final expressions in a form particularly con-
vement for numerical evaluation of the complete spin-
correlated amplitudes are listed in Appendix B.

II. THE SUPERSYMMETRIC MODEL
In this section we discuss the details of our model for

the couplings and masses of supersymmetric particles.
We envisage working with a minimal effective low-energy
theory derived by integrating out the heavy degrees of
freedom that are present in the fundamental theory. For
obvious reasons, we will confine our attention to the gauge
and Higgs sectors of the theory.

The couplings of the gauge and Higgs fermions to the
electroweak gauge bosons are completely determined by
SU(2)L XU(1)r and supersymmetry. However, the gauge
and Higgs fermions of the same charge mix to form the
mass eigenstates once SU(2)L XU(1)r is broken. These
mixing angles, and hence the couplings of the mass eigen-
states, are model dependent, but it is possible to
parametrize all minimal SUSY models in terms of a few
parameters. ' It is this feature that makes any global dis-
cussion of gaugino production possible without consider-
ing each model on an individual basis.

In addition to the SU(2)L XU(l)r gauge fermions, all
SUSY models contain at least two Higgs doublets as it is
not possible to give masses to both T3 ——+ —, and

L

T3 —
2 quarks with just one Higgs field. Also, be-

L

cause global SUSY models with supersymmetry beirg
broken at a scale of —1 TeV seem to have phenomenolog-
ical difficulties, we work within the framework of the
N =1 supergravity models. ' In these models, supersym-
metry is broken in the hidden sector at a scale of —10"
GeV. The breaking of supersymmetry, which is felt by
quarks, leptons, and gauge and Higgs bosons only via
their gravitational interactions with the hidden sector,
also induces vacuum expectation values for the Higgs
field causing a breakdown of SU(2)L XU(1)r. Further-
more, in these models, ' soft-SUSY-breaking mass terms
are induced by the super Higgs mechanism.

The mass terms for the SU(2)L XU(1)r gauge fermions
A, and A.0 and the Higgs fermions h and h', whose scalar
partners give masses to the T3 ——+ —, and T3L L

quarks, respectively, take the form

T(~—~~ —~™(charge) L +M(charge) R ) (2.1a)

for the charged sector, and

0 0~
2 ( ~3~0l™(neutra() L ™(neutral) R )

3
(2.1b)

for the neutral sector. In Eq. (2. la), the Dirac spinors
are defined by

1—(A, +i A2), , X:PLh' PRh- —
v'2

with h (h') and h ( h ') being shorthand notation for the
charged and neutral components of the doublets h (h'),
respectively. PL (PR ) denotes the left (right) chirality
projector. The mass matrices that appear in Eq. (2.1) are
given by

(charge) gU 277/ 1
(2.2a)

~(neutral )

—2ml

1+ ~g
1

—2m&

1+ ~—g

1+ ~g
1

~2 g
1+ ~gv

(2.2b)

In Eq. (2), 2m ) is the supersymmetric Higgs-fermion
mixing mass term, p2 and pl are soft-SUSY-breaking
SU(2)L and U(1)r gaugino masses, and v and v' are the
vacuum expectation values of the Higgs scalars h and h'.
In a grand unified theory with a common gaugino mass at
the unification scale, pl and pz satisfy the relation' '

Pl = —, tan Ow . (2.3)

The analysis of these mass matrices has been carried
out by a number of authors. Here, we briefly review the
SUSY-fermion mixings in order to elucidate our assump-
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tions and also to set up the notation used in the rest of
this paper.

We first concentrate on the diagonalization of the
charged sector (2.1a). The mass matrix is diagonalized by
rotating the left- and right-handed components of the
fields by different angles yL and y~ (0&yL, yR & 180')
given by

with
1/2

p2+m
m~ +m

m~ —p2
m~+m

1/2

(2.7a)

For u'=v, we have yL ——y~ ——y with f+ ——siny and
f = —cosy. The masses m ~ then reduce to

'2 1/2

tanyL ——(x )

tanya ——(y )

(2.4a)

(2.4b)

P2 2m1 — ~Mw
2

P2+ m1+
2

(2.7b)

with

(4m
&

—p2 —2M~ cos2a) —g
X

2~2M~(p2 sina+2m, cosa)

(4m& —p2 +2M~ cos2a) —g

2v 2M' (p2 cosa+2m ) slna)

Here

(2.5a)

(2.5b)

tana = v'/u (2.5c)

and

g2 (4m 2 p 2)2

+4Mw'

X(M~ cos 2a+4m ~ +@2 +4m &@2sin2a) .

(2.5d)

The eigenvalues are given by

m~ ———,'(4m) ~2M' ~@2 +g) . (2.6)

W(~)

rsW(-)

f f~
f~ f—

In the class of supergravity models' in which
SU(2)1 XU(1)r breaking is radiatively driven by the Yu-
kawa coupling of a top quark with mass -40—50 GeV
(Ref. 29), or in the simplest tree-breaking models where
SU(2)1. X U(1)r is broken at the tree level (Ref. 31)
u'/u= 1. In this case, the mass matrix (2.1a) is particular-
ly simple to diagonalize and we find the eigenstates 8'(+)
and W( ) with eigenvalues m+ and m, respectively,
given by

The diagonalization of the neutralino sector is more
cumbersome. In this paper we are interested in the pro-
duction of light-gaugino states primarily via decays of
gauge bosons. The neutralino states of interest are, there-
fore, those eigenstates (y,Z) that contain substantial frac-
tions of the superpartners of the photon and Z boson.
Because the Higgs sector is very model dependent, we
have not considered the decays of 8',Z into Higgs fer-
mions. We have assumed that the photino mass (and
hence the SUSY-breaking gaugino mass) is small and so
the decay W~Wr is almost always accessible as dis-
cussed earlier. For U'=v, the second lightest neutralino
state tends to have a large SU(2)-gaugino component and
hence its coupling to the W boson is enhanced because it
is a (weak) isovector. For u'/v rather different from uni-
ty, m1 smaH and p2-0, this state becomes relatively
heavy 3 and its production in association with W~ ~

from
the decay of W is kinematically forbidden. If m1 and p2
are substantially larger, then W~ WZ can occur but then
if U'/U is substantially less than one, the Z decays via the
invisible vv mode making the signal difficult to detect. If
v'/u » 1, then e becomes the lightest scalar fermion. The
ASP limit on the scalar electron mass requires
m,-)m —,mz and hence the decay patterns of the gaugi-
nos are similar to the v'/u =1 case. We have, therefore,
diagonalized the neutralino sector only for the case
v'/v =1.

Following Ref. 28, we proceed by first diagonalizing
the neutralino system for p, , =p2 ——0 and then incorporat-
ing these masses as perturbations on the zero-photino-
mass eigenstates.

For p1 ——p2 ——0, the superpartner of the photon, y' '

given by

—sr5y' '=—cosOwA, o+sinOwA, 3 (2.8)

and is a zero-mass eigenstate. The other eigenstates are

(O)Z (~)= p~
2(p++p )

—(o)
( —)=

2(p++p )

1/2

' 1/2

v 2Mz
h —h ~ (cosOg A, 3

—sm9g A,o)
p~

W2Mz—h +h' + (cose~k3 —sine/ Ao)
p

(2.9a)

(2.9b)

and

iy5h ' ':—— (h ~h' ),
2

(2.9c)

with the eigenvalues for the Z( '), Z(+), and h ' ' being

p, p+, and 2m1, respectively.
In this analysis, we have tacitly assumed that m»0.

The reason for the yz transformation on the Z I
'~ and

h 'o' [the superscript (0) is to denote that these are eigen-
states only if m-~o~

——0] is that these eigenvectors havey(o)
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2p~p —=~z (2.10a)

negative eigenvalue for the mass matrix (2.2b) with
v =v'—the y5 flips the sign of the mass term and the fac-
tor i ensures that the fields are self-conjugate. For the
zero-mass y

' ' state, that is purely a convention.
The eigenvalues p+ satisfy

and

Mz
e2 ———~ 2Nz

~ slnOii cosO~(pz —p, i)
p~

2N11V25= (p2cos Oii ~p, sin O~),
p~+p

(2.12b)

(2.12c)

Further, these are not independent of the eigenvalues for
the charginos or h ' '. We have

m+ =1[(ml p2~2)'+Mw']'"+(mt+p2~2) ~, (21ob)

with

N1, 2
p,p~

2(p++p )

1/2

p =(m, +Mz ) —m, .2 2 1/2 (2.10c) The corresponding eigenvalues are

z (O)
( —)

(0)Z(y) 2 (+)
—61 —E2 1 y

(2.11)

where

Thus if p, 2 (and hence m- ) is zero, we may take the Wi
mass m to be a free parameter in terms of which all the
masses are determined. We note that Eq. (2.10) implies
that if p2 ——0, there is a charged state 8'(

) and a neutral
state Z (

') each of which is lighter than the 8 and Z,
respectively. This is a consequence of the general result
mentioned in the Introduction.

At this point it is worth pointing out the corresponding
situation for tree-breaking models. In this case, there is
an extra singlet field U which modifies the neutralino
mass matrix in Eq. (2.2b). Its couplings are such that the
eigenstates y

' ' and Z ~+') are left unchanged but the state
h ' ' picks up an extra component proportional to U. In
addition, there is another eigenstate h' ' which again de-
pends on h, h', and U alone. In this case, one of the
masses (of h ' ' or h ' ') may be chosen as an additional
free parameter. For our purposes, it is sufficient to note
that in both the radiative and tree-breaking models, the
gauginos enter only in the y

' ' and Z ~+') eigenstates. We
will come back to this point shortly.

We now consider the effect of turning on the
supersymmetry-breaking gaugino masses p1 and p2. Be-
cause these affect only the sector in which the gauginos
enter, the states y' ', Z ( '), and Z (+) mix further, and
their eigenvalues also shift from 0, p, and p+. It is
straightforward to work out the mass eigenstates and the
corresponding eigenvalues treating the gaugino masses in
lowest-order perturbation theory. We find that the eigen-
states y, Zt ~, and Zt+t are related to the states y' ',

Z( ), and Z(+) by
(O) ( )

mz =p, + lp2cos Oit ~p&sin O
p~ 2 2

( —) p++p
(2.13a)

and

p 2 2tl1 — =p ~—
~
p2cos Oit +p, sin Ott

~(+) p++p
(2.13b)

m =
~ p, sin'Oti, ~p, cos'Oii

~

. (2.13c)

Here, 0~ denotes the electroweak mixing angle. We note
that because we have chosen to define the photino with
the yz transformation [see Eq. (2.8)j, we choose pi and pq
as negative numbers.

In this paper, we will refer to the state Z( ) as the Z
gaugino (and denote it by Z ), the state Zi+ i as the heavy
Z gaugino (Zi, ), and the state y as the photino. This is to
be contrasted with the states h and h

' which contain only
the Higgs fermions. Similarly, we refer to the states
Wi i and Wi+ i as the W gaugino ( W) and heavy W
gaugino (W&), respectively. We emphasize here again
that Eqs. (2.4)—(2.11) completely determine the mixing
angles and hence the couplings to gauge bosons and
matter fermions (and their scalar partners) in both radia-
tive and tree-breaking models. Further, because the W's
and Z's contain substantial weak isovector (gaugino) com-
ponents, we may expect them to be copiously produced in
8' +— and Z decays. This is to be contrasted with the
Higgs-fermion states that have weaker isodoublet cou-
plings to the gauge bosons. Their masses and couplings
are more model dependent as has already been explained.
For these reasons, we will not consider the Higgs-fermion
state in the following.

The couplings of the 8's, Z's, and photinos to the
gauge bosons and to the matter can now be readily worked
out from SU(2)L XU(1)r, supersymmetry, and the mix-
ings. We find

Mz
ei ——~2Ni sinO~ cosO~(p2 —p, ),

p
(2.12a)

~standard+ ~gaugino+ ~gaugino —scalar-fermion

with

(2.14)

Wstandard
—— eeqqy"qA—„—eqy"(aq ~p~y5)qZ„— u y~ d W+ +7yi'

2 2 " 2
e8'& +H.c. (2.15a)
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where

2&u= 3 ~ ed=
B =+ig sinH~

sin yg —sin yL

a„=—( —,
' cot8g ——,', tan8p ),

cxd = —( )~ tan8gr —
~ cot8~),

p„= ~ (cot8g +tan8~ ),
p~ = ——,(cot8~+tan8~) .

(2.15b)

gf — Mz+ Nz gf+—v 2 cos8~ ez,
2 p+,

Mz
Ni f +g~&N~ f+ cos8w

2 p

gf+ s—in8g e), (2.16c)

The gaugino Lagrangian reads

+ [Wy"(iA +By5)y W„

+ Wyl'(iC+Dy, )ZW„+H.c.], (2.16a)

where

x, =1——, sec 8a.(cos yL +cos yz ),1

y, =
4 sec 8~(cos yz —cos yL ),2

Ws,„s,„,——eWy" WA„—e cot8~ Wy"(x, —y, y5) WZ„

gf &2gf+ NzMz
D = Nz — cos8~ 5 .

2 p+
The terms proportional to e&, ez, and 5 in (2.16b) and
(2.16c) are corrections due to mixings induced by pz&0.
The couplings x„y, and the leading terms in the cou-
plings A and B have been computed for arbitrary values
of v'/U while the WW Z couplings C and D in (2.16c) and
the corrections terms in (2.16b) have been computed only
for U'/U = l. In this case, the WWy couplings A and B
reduce to

A =gf+ sin8g

g Mz+ N& f +gW2N& f+ cos8~ ei,
2 p

A =g sinH~
sin yL +sin yg

2

(2.16b) gf Mz
B = Np gf+v 2Np—

2 p+

(2.16d)

cosH~ E'2 .

+ N) f +g~2N)g f+Mz
2 p

COSH ~ E')

Notice that the ZW W and the dominant piece in the
WWy coupling become vector when u'/v = 1. The
SUSY-breaking gaugino masses also induce axial-vector
pieces which are numerically small unless the Z mass is
close to Mz. Finally,

1 —ys -y —, , 1+ys
Wsagsjgo ~pl fe~g)g —ef I y(iXf + Yf ) f+ef R y(iXj + Yj ) f+H. c.

2 2

& —ys -y=, , 1+ys+ef LZ(iPf+Qf) f+ef qZ(iPf+Qf) f+H. c.
2 2

1 —rs t=1—ys—g sinyL, d I, W' u+g sinyz u L W d
2 2

-t —,1-ys . g
——1 —ys

g sinyL, l L,
W' v+g sinyzv W l+H. c.

2 2
(2.17)

with f=l, v, u, d. The values of the parameters X, Y, X',
Y', P, Q, P', and Q' are listed in Table I.

The masses of the W gaugino, photino, and Z gaugino
(along with those of the heavy W and Z gauginos) are
determined in terms of the parameters p2 and p&. Alter-
natively, we may choose m-„ instead of pq [see Eqs. (2.3)
and (2.13c)] and m —=m[see Eq. (2.10b)—] as arbitrary
parameters in terms of which the remaining masses and

all the couplings are determined. The only remaining ar-
bitrariness is the masses of the scalar partners of the fer-
mions. Assuming a common scalar mass mo, at the unifi-
cation scale, the radiatively corrected masses at a scale of
—100 CxeV have been worked out. We have, for three ef-
fective generations in the p function (and sin 8~ ——0.22)
(Refs. 25 and 34),
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TABLE I. The parameters that enter into Eq. (2.17). Here, t —= tanO~ and c =cotO~.

Yf

Yf

pj

Pf

NIMz—V 2+ (t —c)ei
p

—N2Mz
(t —c)e2

N&Mz2+ te&
p

2N2Mz
te2

p+
N&Mz

(t —c)+~2e~
p

N2Mz
(t —c)6

p+
2N, Mz t+ 2e&p-

—2N2Mz
t5

p+

1

sinO~ COSO~

N1Mz 1

p sinO~ COSO~

NqMz 1 6
p+ sinO~ cosO~

Mz
E)

p slnO ~ cosH g

—N2Mz

2V 2 NiMz+ (c —Tt)e&
3 p
—N2Mz

(c —
3 t)eq

p+
2V 2 4 NiMz

te&
3 3 p

4 N, Mz
te&

p+

(c ——, t) ——,V 2e(

N2Mz
(c ——,t)6

p+
4 NiMz 2V 2t—
3 p 3

4 N, Mz
t6

p+

NiMz (c+Tt)e&
3 p

Mz
(c + Tt)e2

p+
V2 2 NiMz+- tel
3 3 p

2 NzMz
Ep

3 p+
—N, Mz (c+ —,t)+ e~

p 3

N2Mz (c+ —,t)6
p+

2 NiMz t+
3 p 3

—2 N2Mz
t6

p+

m (dL)=mo +0.43rMz +30.2m-

m (d~)=mo +0 07"Mz +28.4m-

m (uL )=mo —0.36rMz +30.2mr

m (u~ ) =mo —0. 14rMz +28.4m&

m (eL )=mo +0.28rMz +2.2m-

m (ez)=mo +0.22rMz +0.6m

m (v)=mo —0.50rMz +2.2m-

where
2 t2

u —v

U +V

(2.18a)

(2.18b)

In Eq. (2.18a), the second term comes from the D terms
which make contributions of the form Mz ( T3

2
f

+ef sin 6~)r for superpartners of left-handed fermions
and with the opposite sign for those of right-handed fer-
mions. The last term comes from the evolution of the
common scalar mass from the unification scale down to a
scale of -M~. As expected, these corrections are bigger
for the strongly interacting quark sector than for the
weakly interacting lepton sector.

We note that for r ~ 0 it is possible for the scalar neu-
trinos to be very light. Such a scalar neutrino, even if
produced, may have escaped detection. ' In this paper,
we will first concentrate on the v'lu =1 case (r =0), but
will return to examine some consequences of light scalar
neutrinos (u'/v&1) in Sec. IX.

For u'/u = 1, we see that the niass splitting between the
T3 —+ 2 and T3 ————,

' scalar fermions is small pro-2 L
vided m- is not too large. We have restricted our analysis
to m- & 10 GeV (recall that we have diagonalized the neu-
tralino sector under the assumption that

~ p ~ ~,

~ pq ~
&&M@,2m

~ ). We are focusing on scalar-quark
masses exceeding —100 GeV. In this case, the scalar lep-
tons are roughly degenerate with the scalar quarks, an as-
sumption we have made in the computation of the 8' and
Z branching ratio.

III. THE PRODUCTION OF GAUGINOS

d(q, o)+u(q, o)~W (pi s&)+y(pz s2) (3.1a)

or

In this section we present a11 the amplitudes that contri-
bute to gaugino pair (W'y, WZ, R'+W ) production at
hadron colliders in lowest order. The 8'- and Z-decay
amplitudes will be given in the next section. It is almost
hopeless to evaluate the squared matrix elements for the
full process incorporating correctly the spin correlations
among decay particles using usual trace techniques. Al-
though, in principle, the calculation can be done with the
help of algebraic manipulation programs, the result of
such a calculation would be extraordinarily long and
cause numerical inefficiency. For example, even assuming
the 8' pole dominance for qq~8'Z, there are 12 ampli-
tudes for each hadronic final state, and hence, 78 terms
each involving four often lengthy traces need to be
evaluated. The calculation is made manageable by the
direct computation of the helicity amplitudes. We find
the formalism of Ref. 26 well suited for this purpose. In
order to render this paper self-contained, we briefly review
in Appendix A the basic ingredients of the helicity-basis
calculus which is necessary to reproduce a11 our results.
Further details may be found in Ref. 26.

Shown in Fig. 1 are the 1owest-order Feynman dia-
grams that contribute to gaugino pair production at had-
ron colliders. Figures 1(a)—1(c) contribute to the parton
subprocess
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Y, z

aV

IdL

Y, z

I

IUL

Y.z

and

q (q, cr)+ q(q, o )~Z(p, ,s ) ) +y(p2, s2)

q(q, o )+q(q, cr)~Z(p„s& )+Z(p2, s2)

(3.1d)

(3.1e)

(a) (b) (c)

I dL

w+

(e)

y, Z

I

I~L qR
I

,
'qL'IR

(g)

y, Z

FIG. 1. The lowest-order Feynman diagrams which contri-
bute to the processes (a)—(c) du~A y or du~8' Z, (d)—(f)
qq~8' S'+, and (g) and (h) qq~Zy' or ZZ. Solid, dashed,
and wavy lines denote fermions, scalars, and vectors, respective-
ly. Arrows denote fermion number flow.

have no s-channel resonance contribution as shown by
Figs. 1(g) and 1(h), and hence their cross sections remain
small at CERN/Tevatron collider energies even for light
Z. [The supersymmetric partner of the photon (y' ')
does not couple to the Z since the gauge boson is electri-
cally neutral. Thus, the coupling of the y to Z can arise
only from the mixing induced via m-&0, which as dis-
cussed in Sec. III, we have taken to be small. For v =v',
the Z ZZ coupling also vanishes whereas as discussed in
Sec. IX the Z tends to be heavy when u&u'. ] We remind
the reader that 8' Z, and y denote the mass eigenstates
of the charged or neutral gauge-Higgs-fermion sector and
in general they are a mixture of pure gaugino and Higgs-
fermion states. The mixing angles, and hence all their
couplings, have been determined based on the supergravi-
ty model discussed in Sec. II.

The helicity amplitudes for each subprocess are ex-
pressed as sums of contributing diagrams:

M(du~8' V;cr, o,s(,s2)=M,' +~b '+~,
(3.2a)

for V= y or Z, and

d(q, o')+u(q, cr) +8 —(p~,s~)+Z(p2, s2),
while Figs. 1(d)—1(f) contribute to the subprocess

q(q, cr)+q(q, o )~W (p&, s& )+ 8'+(p2, s2) .

(3.1b)

(3.1c)

~( uu ~8' W'+;cr, o,s &,s2) =Md"'+~, ,

~(dd ~W W'+;o, cr,s»s2) =~d '+~f
~( qq~ ZV;o, ,cr~s, s)2=~& +~h

(3.2b)

(3.2c)

(3.2d)
Here the four-momenta and helicity of each particle is
shown in parentheses. These three are the only
uncolored-gaugino-pair-production processes which have
a chance to have s-channel 8'- or Z-resonance contribu-
tion at hadron colliders. The processes

It is straightforward to evaluate all eight contributing dia-
grams from the interaction Lagrangians listed in the
preceding section. We first present all the amplitudes in
the usual four-spinor basis:

=g" Q g2 Dg (q+q)u(q, o )ypP u (q, o )u(p(, s) )y+2u(p2, s2),
A, =+

(3.3a)

Dd (q p2)u(q, o)P+ v(—p),s) )u(p2, s2)P u (So.),( v) ufvd vdd (3.3b)

g "g" "D„- (q——p& )V(q, o )P+ u (p2, s2)u(p &,s &
)P u (q, cr), (3.3c)

g gp g Dp(q +q)u(q, cr)y&P2u (q, o')u(p~, s~)yQ u(p2, s2),
v=y, z A, =+ z=+

(3.3d)

~,=g g D~ (q —p2)v(q, cr)P+u(p), s))u(p2, s2)P u(q, o), (3.3e)

~f— g "g "D- (q —p & )v(q, cr )P+ u (p2, s2 )u (p &,s ~ )P u (q, o ) (3.3fl

g2. D- (q p2)u(q, o)P 2v(p&, s&)u(p—2,s2)P&u(q, o),
A, =+

(3.3g)

D (q p))v(q, o-)P 2v(p2, s2)u(p„—s&)P2u(q, o) .
A, =+

(3.3h)



1606 HOWARD BAER, KAORU HAGIWARA, AND XERXES TATA 35

Dp(k)=[k —mp +i8(k )m~1 ~] (3.4)

and the covariant vector-boson propagator factor is ex-
pressed in terms of the above as

Dp(k) =D (k),
g""+k"k"/mv if my~0,

—g"" if mv —0. (3.5)

Here, p+ ——(1+y5)/2 are the chiral projectors and we
denote qL by q and qz by q+ for notational conveni-
ence. The scalar propagator factor is defined as

= —g»ny

g
WuZ (guWd )u +g Siny

graf (ge7e)u —e(iX + Y' ),
gree (gare) —e(iX,'+1 ),
g ~ =(gq ')*=—e(ip +g ),
g Zqf (g 9+@)u e ( ip' +Q

'
)

(3.9e)

(3.9f)

(3.9g)

+ d, (k}v (k,s)e'" "], (3.6a)

g'(x)=rk f 3 g [d, (k)u(k, s)e
d k

(2n. ) 2ko,

+ b, (k)v (k,s)e'"'"], (3.6b)

and with ri, =l by convention. Here g', the charge-
conjugate spinor, satisfies

g, (x }=ri, Cg(x ) (3.7)

The relative sign of the amplitudes and the convention for
choosing u or v spinors are determined by directly apply-
ing the Wick expansion and by employing the explicit
plane-wave expressions

d k
hatt(x)= f 2 g fb, (k)u(k, s)e

(2m. ) 2ko,

The various constants that appear above have been listed
in Eqs. (2.15) and (2.16), and Table I. Here we remark
that our helicity amplitudes are expressed in terms of very
general couplings and hence can be readily used for even
more general cases simply by replacing the couplings list-
ed in Eq. (3.9).

Following the method outlined in Appendix A, it is
straightforward to express all the amplitudes (3.3) in
terms of the quantities coi(k) and T(p, k)i, which can
easily be evaluated numerically [see Eqs. (A3), (A4), and
(Al 1) for their definitions]. The complete results are list-
ed in Appendix B in a form which allows direct numerical
evaluation.

We now present the total production rates for various
gaugino-pair-production processes at both CERN
( v s =630 GeV) and Fermilab Tevatron ( v s =2 TeV) en-
ergies. The total cross section summed over final polari-
zation and averaged over initial polarization for a generic
subprocess

f(x)=f'(x)=CQ (x) . (3.g)

where use has been made of the relation (A9). Majorana
fields (y and Z) are self-conjugate:

q(q o)+q '(q o) Vi(pi si)+ V2(p2 s2)

Ieads

o(qq ' —+ Vi Vq)

(3.10)

With these conventions, the amplitudes (3.3) involve nei-
ther the charge-conjugation matrix C nor Majorana phase
factors explicitly.

All the couplings are determined by the Lagrangian
presented in Sec. II:

~ 0', 0',$],s2 S
2s 4 8m.s

(3.11)

udW
( duW)u

g'gr =ee„go~ =e (a, +p, ),
(3.9a)

(3.9b)

where the statistical factor S = 1 ( —,
'

) when V» V2

(Vi ——Vp) and

g+ ———e, g+ =e cotOw(x, +y, ),@Ny @Sz

rw
( rww)

(3.9c) s=(q+q), t=(q —pi) (3.12)

g+ ——(g+ )*= (iC+D), — (3.9d) A convolution with effective parton distribution gives the
total cross section in pp collisions as

o(pp~Vi 'V2X)= g f dx f dx Dump(x, s)Dq) (x,s)o(ab~V, V-2)5 ——xx
a, b s

(3.13)

We use the set-1 parton distributions of Duke and Owens
with A=0.2 CseV (Ref. 37) throughout the paper. Other
numerical parameters are fixed as a =e /4m = », ,
sin 0~——0.22, Mg ——83 GeV, Mz ——94 CieV, I g ——2.82
CxeV, and I z ——2.83 CxeV, where the superscripts 0 denote r,=r', +sr, for V=A or Z, (3.14)

the width without the supersymmetry contribution we are
considering. The total widths which enter in the propaga-
tors (3.5) should read
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FIG. 2. Total cross sections for production of O'Z, 8'8', and
8'y pairs as a function of m- by pp collisions for m =0 (solid

lines) and m„=g GeV (dashed lines) at (a) 1/s =630 GeV and

(b) Vs =2 TeV. In this figure, v'/v =1 and m =200 GeV.

The Z mass is determined in terms of m- and m and is typi-8'
cally a few GeV greater than m-.

W

FIG. 4. Total cross section for pp ~ZZX for m = 100 or 200
GeV and m =0 (solid lines) and m =8 GeV (dashed lines) at
(a) 1/s =630 GeV and (b) 1/s =2 TeV and for v'/v = l.

allow for an accurate measurement of the total Z width, it
is convenient to confront the experimentally observed
ratio

where AI z denote the gaugino-pair-production contribu-
tions and are given in Ref. 38.

Shown in Fig. 2 are the total cross sections for gaugino
pair production expected in the supergravity model with
m- =0 or 8 GeV and v'= U. Substantial cross sections are
expected only when resonance decays W~ V~ V2 or
Z~ V& V2 are kinematically allowed. The cross sections
are indeed sensitive to variations in the photino mass, not
only near the kinematic cutoff for gauge-boson decay, but
also for small values of m — as is illustrated by the Wy
curve —here, mixing effects decrease the WWy coupling
constant causing as much as a factor of 2 decrease in
cross section.

In Fig. 3 (Fig. 4) we illustrate for completeness the
cross sections for Zy (ZZ) production. These cross sec-
tions, at both Vs =630 and 2000 GeV, are generally less
than 1 pb for m- & 100 GeV, so these reactions are likely
to be inconsequential in the search for supersymmetry at
pp colliders.

Large contributions to the S' and Z widths due to de-
cays to gauginos can affect the hadron-collider estimates
for the number of neutrinos. When low statistics do not

(a) js = 630 GeV

R =o.(pp~ZX;Z~ee)/o(pp —+ WX; W—&ev), (3.15)

12

11 — y~/y
~v=0

10

V'/V =1 m7-8 GeV

R+expt

SM (n„= 3)

with theoretical expectations. ' In Fig. 5, we present '

the ratio R as a function of m — for m-=0 (solid line)
$V .r

and 8 GeV (dashed line) for u'/u =1, and for m- =0 for
y

u'/v =0.5 (dotted-dashed line). The results presented are
for v s =630 GeV; they scarcely change for v s =2 TeV.
Also shown is the standard-model (SM) prediction for
three light neutrino species; the UA1 experimental mea-
surement of R is shown as a band. We see the entire
range of m — is consistent with experiment; furthermore,
for the u'/u =1 case there are two values of m — which
exactly agree with the SM (one value of m — for

W
u'/v =0.5). At best, the R parameter may eventually re-
strict same values of m — but can never rule out certain
values of low-mass gauginos. We now turn to a discus-
sion of the decays of Wand Z.

0. 1

7
20 30 40

mw (GeV)
50 60

m = 8GeV7
m7= 0

0.001
30

I

50 70 90 30 50 70

m-, (GeV)
90

FIG. 3. Total cross section for pp ~ZyX for m = 100 or 200
q

GeV and m =0 (solid lines) and m =8 GeV (dashed lines) at
y

(a) V s =630 GeV and (b) V s =2 TeV for v'/v = 1.

FIG. 5. Gaugino-pair contribution to the ratio R of
Z~e+e and 8'~ev events observed in pp collisions at
1/s =630 GeV. The standard-model contribution for three
light neutrinos is denoted as SM, and the measured value from
UA1 Collaboration is shown as the solid circle marked R p&

with horizontal dashed lines on either side indicating the quoted
experimental errors. We illustrate R for supergravity models
when v'/v =1 for m =0 (solid line) and 8 GeV (dashed line)

and for v'/v =0.5 and m =0 (dotted-dashed line).
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IV. THE DECAYS OF GAUGINOS

In this section, we present all the lowest-order ampli-
tudes for W and Z decays within the framework of the
general supergravity model discussed in Sec. II. We also
show at the end of this section how to combine the pro-
duction amplitudes of Sec. III and these decay amplitudes
in order to produce exclusive parton-level decay distribu-
tions with complete spin correlations.

When scalar fermions (scalar quarks and leptons) are
heavier than the 8', which is the case we are studying, it
decays into a photino and a light-fermion pair:

W (p,s)—+y(ki, A~)+f(k2, iz)+F(k3, A3), (4.1a)

u(V)

uL(VL)I

'L'R

u(V) +

f +

~L((L)
' o (i)

(m)

W+(p, s)~y(ki, X))+f(kp, k2)+F(k3yA3), (4.1b)

where a pair (f, F) can either be (d, u), (s,c), (b, t), or
( l, vi) with 1 =e,p, ~. In most cases the decay mode
8' ~ybt is severely suppressed by phase space or even
forbidden. In our analysis, we neglect this decay mode
entirely. The Feynman diagrams contributing to the 8'
decay (4.1a) are shown in Figs. 6(i)—6(k).

The Z has three decay modes:

W u(V) +

~u|V)
Z

jiL(V)~ i w—

d(T)

(p)

FIG. 6. Lowest-order Feynman diagrams which contribute to
the decay of (i)—(k) 8' and (1)—(p) Z.

Z(p, s)~y(ki, ki)+f (k2, 12)+f(k3 A3)

(ki, ki)+F(k2, kp)+ f(k3, 13)

~W+(ki, Ai)+F(kq, l2)+f (k3, A3) .

(4.2a)

(4.2b)

(4.2c)

We note that the amplitudes for 8'+ decays are related to
those for W decays because CP is conserved at the tree
level. We have

The decay (4.2a) always occurs since the photino is as-
sumed to be light and the latter two occur in our super-
gravity model with m- «M~ and u =v' (see Sec. II)
since the W is always lighter than the Z. Figures 6(1) and
6(m) contribute to the decay Z~yff (4.2a) and three dia-
grams, Figs. 6(n) —6(p) contribute to the decay
Z~W Ff (4.2b). The decay Z~yff is allowed for five
light-quark and three charged-lepton flavors whereas the
decay Z~ W' fF occurs for two light families of quarks
(f, F) =(d, u), (s,c), and three families of leptons ( I,v).

The helicity amplitude for each decay process can be
expressed as a sum of contributions from each diagram.
Suppressing four-momenta labels of each particle, we can
write the W-decay amplitudes as

~( W ~yfF;s, A, Az, A3) =M&;+~~+Mk . (4.3a)

The Z decay amplitudes are similarly written as

~(Z~yff;s, A, &, kz, i.3) M/+~~, (4.3c)

~(Z~W Ff;s,k, i, kz, A3)=~„+~,+M~, (4.3d)

with the amplitude for Z~ W+Ff again being related to
(4.3d) by CP invariance. Hence, we only need to evaluate
the eight diagrams shown in Fig. 6.

We present all the amplitudes in the usual four-spinor
notation below:

M(W+ yfF;s, ki, kp, i3)

=sk, iApl3~( W ~yfF; —s, —A. i, —Ap —A3)* .

(4.3b)

ggt. g Dg/(kp+k3)u(ki, k&)y„Piu (p, )us(kq, Aq)yQ v(k3, X3) (4.4a)

~,= —g g D„( ki+k)3u( kz, kz)P +u(p, s)u(ki, k, i)P ( u3kyA3)

g" g" "D& (k, +k2)u——(p,s)P (uk 3i )3u(k 2A )2P +(uk»A&),

~i———ggP g$ D (ki+k3)u(k2, ip)P-ui(p, ) s(uk' )Pivi( 3kpA3)

(4.4b)

(4.4c)

(4.4d)

~~= g gi, gP~D& (k ik+) 2(pu, )Psv(ik3yk3) (kuA 2) 2Piv(ki, l, i),
A.

(4.4e)

~„=hagi g" Dg (k2+k3)u(ki, li)y„Piu(p, s)u(k2, kz)y+ (u3kyA3), (4.4f)
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g"—"g "D„(k-~+k3)u(k2, A2)P+u (p, s)u(k~, A~)P v(k3yA3),

~~=g "g" "D (k-&+k2)v(p, s)P v(k3, A3)u(kz, l2)P+v(k»A&) .

(4.4g)

(4.4h)

Here f and f+ stand for fL and f~, respectively, and
u =ui, d =dL. The expressions for each amplitude, in
forms convenient for numerical evaluation, are listed in
Appendix B. In these expressions, the quark and lepton
masses are neglected for simplicity whereas gaugino
masses are kept arbitrary. As emphasized in Ref. 26,
there is no practical difficulty in also taking into account
quark and lepton masses in the formalism whenever
necessary. In all our applications, we neglect masses of
the first five quark flavors and the six lepton flavors. We
have also neglected any top-quark contributions. All the
couplings that appear in Eq. (4.4) have been listed in Eq.
(3.9). [The leptonic couplings are obtained from these
simply by replacing the indices as u ~v, d~l, and q~v
or 1 in Eq. (3.9).]

It is worth mentioning at this point that all the decay
amplitudes listed in Fig. 6 and in Eq. (4.4) are just ob-
tained by crossing the production amplitudes listed in Fig.
l. One of the virtues of the formalism of Ref. 26 is that
the crossing of helicity amplitudes is straightforward.
There is no need to repeat the amplitude calculation
again, apart from the trivial change in particle indices.
All the decay amplitudes listed in Appendix B have been
obtained from the corresponding production amplitudes
by following the crossing prescription of Ref. 26.

Although our main purpose is to study distributions of
gaugino decay products, partial widths and branching
fractions are needed to normalize the cross section. Since
W decay occurs either via Wor qz (lL ) exchange, the lep-
tonic branching fraction could a priori depend on the
scalar-fermion mass. It has been shown, however, that
for m- =0 unless m — is close to m- ( =mr), this branch-

ing fraction is essentially —, , independent of scalar-
fermion mass. Moreover, this is also a lower limit on the
leptonic branching fraction. In our computation, we have
evaluated this branching fraction exactly keeping m- =8

. y
GeV. For m-=mi) 100 GeV and m- (m~, we find an

almost constant value of 11%, irrespective of m- (=mT)

(4.5a)

I (Z W Ff)= 1'-
2mz

Xg g g ~~(s, A, ),A2, A3)
~

d@3,
Ar] k2 k3

(4.5b)

with the Lorentz-invariant phase-space factor

d@„p= gk; =(2m) 5 p —gk;
d'k;

i (2m. ) 2k;

(4.6)

We have checked that the partial widths obtained are in-

dependent of the Z momentum and helicity. As has been
stressed in Ref. 26, Lorentz invariance provides us with a
nontrivial check on the calculation.

The branching fractions for the two decay modes of the
Z are shown in Fig. 7. It is clear that unless m- ( =mT)q

exceeds =350 GeV the W mode is suppressed relative to
the y mode for mz ——45 GeV. For smaller values of m-,
an even higher scalar-fermion mass is needed for the two
modes to have equal widths. We have, therefore, neglect-
ed the Z~ W decay completely in this paper.

For the case when only the photino decay mode of the
Z is relevant, the leptonic branching fraction per lepton
flavor takes a particularly simple form for degenerate sca-
lar fermions. We have

and m- for m- (10GeV.
y y-

The partial widths for the decays Z ~ffy and
Z~FfW +FfW+ can be readily calculated from the
amplitudes via

I (Z yff)= f g g g ~~(,A, &, A, , A, )
~

d@3,
2mz

I (Z~lly) XI PI +X'I P'I

I (Z everything) nt(XI PI +Xt P i )+3n (X P +X P )+3 d(Xnd Pd +Xd Pd )
(4.7)

where we have neglected the numerically small constants
Yf and Qf induced via the mixing of the heavy Z (see
Sec. II). In Eq. (4.7), nI, n„, and nq are the number of
lepton, up-quark, and down-quark families that are acces-
sible via Z decay. We note that (4.7) is independent of the
scalar-fermion mass. Because of the mixings induced by

m-&0, the branching fraction depends on m —and varies

from 18% for mz ——26 GeV to 14% for mz 52 GeV for
m- =8 GeV. For m- =0, the branching fraction is 13%

y y
for all Z masses.

We are now in a position to calculate the distributions
of gaugino decay products at hadron colliders. Let us
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consider a generic gaugino-pair- (V, V2) production pro-
cess followed by their decays:

q(q ~)+q '(q, ~) V](p] s])+ V2(p2 s2)

V](p],s] ) y(k], A ])+f2(k2, A2)+f3(k3,A3), (4.8)

V2(p2 s2) y«4, ~4)+f5(k5, 4)+f6(k6, ~6)

If V2 happens to be a y, then the last cascade process
does not take place. On the other hand if V2 decays into
W, then the last line of Eq. (4.8) should be replaced,
e.g. , by an even longer cascade process (we have not con-
sidered this here),

V2(p2«S2)~ 1V (p3«s3)+f5(k5«~5)+f6(k6«~6) «

(4.9)
8' (p3 s3)~y(k4, A4)+ f7(k7 A7)+fg(kg, kg) .

Of course, V1 can also have a similar decay chain. In the
remainder of this paper, we consider only the 8'8' 8 y,
and 8'Z production processes, the cross sections for
which are enhanced by the resonance production of 8'+-

and Z . In our computation, however, we have retained
the effect of all the Feynman graphs (see Fig. 1) that can
contribute at the lowest order and have also retained
finite-width effects.

We present as an example the cross section for the six-
parton production process (4.8). By suppressing the parti-
cle and momentum indices whereas retaining only the hel-

1.0,

0.8
0

~~
0
& 0.6

Lj

Ql
C'.

0.40
C5

6)
0.2

0
200 500

icity indices, the full production amplitude can be ex-
pressed as a product of the production amplitude and the
two decay amplitudes, summed over intermediate gaugino
helicities:

100 300 400 600
m- (GeV)f

FIG. 7. The dependence of the branching fraction for

Z~ff y and Z~Ff W+FfW on the scalar-fermion mass is
shown for m =8 GeV assuming degenerate scalar fermions.

y

We have illustrated the case for the maximal Z —W mass
difference for the range of W and Z masses relevant to our cal-

culation so as to maximize the W decay mode, i.e., for smaller

Z (W) masses the cross over of the curves occurs for even

higher scalar-fermion mass than in the figure.

~(cr, o;A,;)=M(o—,cr;A], A2, A3, A4, A5, A6)

g~(cj«cr«s]«s2)~(s]«A]«A2«A3)M(s2, A4«A5«X6)D'] (p] )Dv (p2)
1 2

sl s2

(4.10)

The quantum-mechanical superposition of different intermediate gaugino helicity states gives rise to the correlations
among decaying particles. Strictly speaking, the expression (4.10) is valid only when the zero-width approximation holds
for intermediate gauginos,

~

D (p] )D (p2)
~

-= -5(p] —m — )5(p2 —m- ),2 7T 7T 2 2 2 2

V) V2 m- I — m- I V( V2
V) V) V2

which is indeed valid in all our applications. The polarization blind subprocess cross section is then obtained by

(4.1 1)

(4.12)d~(qq' yyf2f3f5f6)= „4g g Q g1 1
6

2

a a j=1 j
with the invariant phase space (4.6). Since each helicity amplitude is just a complex number, Eq. (4.12) involves just a
summation over absolute value squared of several different complex numbers which are indexed by the external particle
helicities. The phase-space factor can be simplified by the zero-width approximation for intermediate gauginos. We get

6 2

~

D (p])D (p2)
~

d-@6 q+q-= g k;
1 2 , 2m- I—

1 I

d@2(q+q =p]+p2)

Xd 93(p] ——k] +k2+k3 )d&3(p2 ——k4+ k5 +k6 ) (4.13)

Convolution with effective parton distributions finally give distributions in pp collisions as

do(pp~y yf2f3f5f6X)= g f dx f dx D,~z(x, s)D6& (x,s)5 ——xx do(crb~y yf2f3f5f6) .
a, b S

(4.14)
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A study of these distributions forms the subject of the rest
of this paper.

V. JET SIGNALS FROM THE HADRONIC
DECAYS OF THE GAUGINOS

In this section, we discuss the numerical results of our
calculation of multijet + pT signals resulting from the
hadronic decay of IV and Z at CERN and at Fermilab
Tevatron energies. In our computation, we have included
the effects of W+- and Z being off mass shell and also
the contributions to the production amplitudes from the
t-channel exchange of the scalar quark. For definiteness,
we have fixed the scalar-quark mass at 200 GeV. Our re-
sults are insensitive to any particular choice, reflecting the
fact that the W +— (Z ) resonance dominates the produc-
tion.

Throughout our computation we use the parton distri-
butions of Ref. 37 (Set I), a @CD-motivated X factor of
1.4 and smearing due to the W +—(Z ) transverse motion
according to the formula

dcT —25gr/1 s
(5.1)

dg 2

We have also attempted to include the acceptances and
measurement resolutions of a realistic detector —the UA1
detector for vs =630 GeV and the Collider Detector at
Fermilab Tevatron (CDF) for Vs =2 TeV. Obviously, a
treatment of these and also the trigger conditions depends
on the detector, and hence is different for CERN and Fer-
milab energies. We have not treated the effects of hadron-
ization, i.e., all our partons are identified with jets provid-
ed they pass the experimental cuts and triggers which we
now discuss.

For CERN energies (t/s =630 GeV) we have required
that all jets are within the pseudorapidity acceptance:

(5.2)

b.E =0.8 GeV (E/GeV )
'/ (5.6)

We have attempted also to approximately model the ac-
ceptances and cuts for the CDF. In this, we have been
guided by conversations with our experimental colleagues.
For v s =2 TeV, we require

~ g,„~ (4.0,
ETfast jet )25 GeV,

ETjet) 12 GeV,

(5.7a)

(5.7b)

(5.7c)

pT &25 GeV . (5.7d)

Also, we coalesce jets within Ar &0.5 rather than Ar & 1

as for UA1. We have retained the isolation of the pr vec-
tor and the monojet selection criteria (iv) and (v) discussed
above but have removed the +20 crack in the vertical
direction. We have retained only the trigger (5.3a) [see
(5.7b)] but have dropped triggers (ii) and (iii). Finally, we

In addition to the triggers (5.3), we have the following
selection criteria which must all be met before an event is
considered acceptable.

(i) pz. &max(4o, 15 GeV) where cr=0 7.GeV (ET'""/
V) I/2

(ii) ET,„&12 GeV.
(iii) The pT vector should not point within 20' in az-

iinuth of the vertical.
(iv) The pT vector should be isolated, i.e., there should

be no hadronic activity with ET & 8 GeV within 30' in az-
imuth of $I z..

(v) Finally, for an event to be labeled a monojet, we re-
quire that there is no hadronic activity exceeding 8 GeV
back to back with the jet and within 30 in azimuth. In a
real detector, there is a nonzero resolution on the measure-
meni of hadronic pT. In our computation, we have
smeared the hadronic energy by a Gaussian of width

(i) ET„„&25GeV,

(ii) ET""&80 GeV,

(5.3a)

(5.3b)

We have coalesced partons with hr ( 1 where
b, r =b.il +b,p, where b,p is the azimuthal angle differ-
ence. We have assumed that a (multi)jet event can be trig-
gered by any one of the following triggers:

30
70

4O 5O BO 7O
I I I I

MONOJETS +AT

(0)+s 630 GeV

mz (GeV)
eo 30 40 50 Bo 70 $0

%40

or

~
ET(L) ET(R)

~
& 17 Ge—V and E»«& 15 GeV . (5.3c)

In Eq. (5.3b), ET"'" is the total scalar energy in the event
and is given by

40

b
30

C)
CL

b
BO —,&

40—

E"'"= g E +E',
partons

(5.4)

dX 4ET 2ET

dE,' (E,')' (E;) (5.5)

with (ET) =45 GeV.

where ET is the scalar energy in the residual event and is
fluctuated according to

I . I w I I 0 I . I w I I

26 35 45 55 B5 75 25 35 45 ' 55 B5 75

m~ (Oev)

FKJ. 8. Cross section for monojet-plus-pT signals expected
when both 8' and Z decay hadronically, as a function of m-
{lower scale) or m- (upper scale) for m =8 GeV and for (a)

V s =630 GeV and (b) V s =2 TeV. The cuts are as described
in Sec. V.
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FIG. 12. Missing-pT (pT) distributions in dijet + pT events
for the same parameters as in Fig. 10.

FIG. 14. pT distribution of the slow jet in dijet + p T events
for the same parameters as in Fig. 10.

The monojet + pT and dijet + pT cross sections are
observable over a wide range of W (Z) masses. Of
course, standard-model backgrounds to these events
have to be thoroughly understood and subtracted from the
data sample before any signal can be claimed.

Very recently, the UA1 Collaboration by an analysis of
their monojet data, has announced a limit mL &41 GeV
(90% confidence level) on the mass of a new sequential
heavy lepton. From our Monte Carlo analysis for the de-
cay W~L v, we find a cross section of 36 pb for monojets
and 9 pb for dijets at vs =630 GeV, assuming the same
acceptance criteria discussed previously. From Fig. 8, a
36 pb monojet cross section corresponds to m —& 40 GeV.

We now turn to a study of the various distributions for
the jet(s) + pT processes. The pT and pT,«distributions
for the monojet events are shown in Figs. 10 and 11, for
m- =30 and 60 GeV. We see that the pz. distributions
peak around 28 GeV and fall off to zero for pT & 50 GeV
independent of m~ and v s. The transverse momentum
of the monojet peaks at a similar value as expected. The
shoulder in the pr;«distribution is due to the left-right
trigger (5.3c) which allows pT events with jet pT between
15 GeV and 25 GeV to be accepted.

The pT distribution and pT distributions of the fast and
slow jets coming from the dijet + p T events are shown in
Figs. 12, 13, and 14, respectively, for m~=30 and 60
GeV. For m~ ——30 GeV, the dominant sources of dijets

are W~ WZ and Z ~WW processes whereas for
m~ ——60 GeV the process 8'~8'y alone contributes.

This results in a softer p T spectrum for the lower mass W
case. The pT (fast jet) distribution for m —=30 GeV has

a longer tail extending out to 50 GeV whereas that from
the 60-GeV W effectively cuts off below pT —45 GeV.
This is a reflection of the fact that in the Wy case both
jets come from the decay of a single parent; if one of the
quarks was too hard the other quark would not be hard
enough to be identified as a jet. The pT distributions of
the slow jet can be similarly understood.

Shown in Fig. 15 is the distribution of the azimuthal
opening angle between the jets in dijet + pT events. We
see that the distribution (at the CERN energy) for
m —=60 GeV is intermediate between the m- =30 and

40 GeV cases. For m —=30 GeV, both 8'~8'Z and

Z —+8'8' contribute with the gauginos carrying rather
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m- -30 ————
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I

(b) ~s~ 2 TeV
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FIG. 13. pT distribution of the fast jet in dijet + pT events
for the same parameters as in Fig. 10.

0 I I 1

0 40 80 120 1BO 0 40 80 120 1BO
b, /II (degrees)

FIG. 15. Distribution in azimuthal opening angle (hP) be-
tween dijets in dijet + pT events for the same parameters as in
Fig. 10, except that the m- =40 GeV case is included here.
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large transverse momenta causing the dijets to be more

back to back. For m —=40 GeV, Z ~8'8' dominates,

but since the gauginos are slower moving greater acol-
linearity results. The m~ ——60 GeV case is kinematically
different in that both jets come from the decay of a single
particle. At Fermilab energies a similar trend is seen ex-
cept that the m~ ——40 GeV and m~=60 GeV distribu-

tions are more similar. The differences between the two
energies is a reflection of the different detector specifica-
tions used.

In summary, the hadronic decays of the gauginos lead
to observable jet(s}+pr cross sections at both CERN and
Fermilab energies. The total cross section exceeds 10 pb
for m —(63 GeV at CERN and for m —(70 GeV at Fer-
milab. These values of m — (particularly for the Tevat-
ron) are dependent on the photino mass since we are in the
vicinity of the kinematic end point for the W~ Wy de-
cay. We note that monojet cross sections dominate dijet
cross sections over the range of m — where the cross sec-
tion is significant.

VI. MULTILEPTON SIGNALS FROM THE LEPTONIC
DECAYS OF CxAUGINOS

We now turn to a discussion of the signals resulting
from the leptonic decays of both gauginos produced in the

processes, pp~ W -+Z+X or pp~8'8'+X. These pro-
cesses could be a source of spectacular isolated
multilepton-plus-p T events with minimal hadronic
activity only that associated with higher-order QCD
corrections to W and Z production. Hence, these events
are essentially free of standard-model backgrounds. We
will postpone any discussion of single-lepton signatures to
Sec. VIII since these have large standard-model back-
grounds and because a different set of cuts is needed for
the analysis of multilepton as opposed to single-lepton sig-
natures. We have once again fixed the scalar-quark and
scalar-lepton masses at 200 GeV and the photino mass at
8 GeV in our analysis. Our results are insensitive to these
particular mass choices as long as the scalar fermions are
heavier than the gauginos so that two-body decays of the
gauginos are kinematically suppressed. ' Also, we assume
that the scalar-fermion masses are (300 GeV so that the
Z~yff decay dominates the Z~WfF decay (see Fig.
7).

In our analysis of the multilepton events, we require the
following acceptance conditions for both CERN and Fer-
milab energies:

resolution errors on the measurement of electron and
muon momenta via the functions

hE,
/

rp, f
(1.5,0. 15

0. 18

E,
b (1/p„) =0.005,

(6.2)

30 35 40 46 50
I I I I

Trileptons

(Q) /s=630 GeV

m& (GeV)
30 35 40 45 50

I I I I

ieQ,

where E, and p& are expressed in GeV.
We have been guided in our choice of acceptances and

resolutions (6.1) and (6.2) by those used by UAl Colla-
boration. We understand that the CDF will have an elec-
tron measurement at least comparable with that at UA1.
However, since the muon detector is not expected to be
completely installed, at least in the initial phase of the
operation, one should view the signals with muons as indi-
cative of the physics that would be possible to extract
from the Tevatron data when the complete muon detector
is functioning.

The trilepton cross sections for CERN and Fermilab
Tevatron energies are shown in Fig. 16. These signals
come only from the leptonic decay of both the W and Z
when they are produced via W~ WZ. The signal thus
cuts off at m —+m-=M+, the precise values of the W'

and Z masses at the cutoff point depend on m- (via the
y

soft-SUSY-breaking gaugino mass p2}.
One might have expected this signal to be small because

of the small branching fraction for the leptonic decay of
the W. This may be compared to the case of light scalar
fermions' in which W~rv, Iv and Z~O decays are
dominant, with l~ly. In that case, some of the final-
state leptons were soft and much of the trilepton signal
could not pass the acceptance cuts. For the three-body
decays we are considering, the final-state leptons tend to

I pTe I
»0 Ge»

(6.1a)

In addition, we require that at least one of the muons in
any multilepton event be in the central region:

(6.1b)

I

45 25

mg (GeV)

I

46

Because we expect the multilepton signals to be very
characteristic, we have not imposed any pT requirement
on them. In addition, we have incorporated Gaussian

FICr. 16. Expected trilepton cross sections from W~ WZ
when both W and Z decay leptonically. The cuts are as
described in Sec. VI of the text for (a) +s =630 CxeV and (b)
~s =2 TeV and m = 8 GeV.

y
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share the momentum equally; the resulting increase in the
fraction of events that pass the cuts (particularly for p)
makes up for the reduced branching fraction.

The ordering of the signals is just a reflection of the
difference in pT cuts on the e and p. It is clear from the
difference in the e and p cross sections that the effect of
the pT cut is very large and hence, the importance of be-
ing able to measure isolated electrons in multilepton
events to pT, —5 GeV at the Tevatron cannot be overem-
phasized.

The trimuon cross section roughly follows the gaugino
production cross section, whereas the trielectron cross sec-
tion is flat up to the phase-space boundary. This is be-
cause heavier gauginos are more likely to produce harder
electrons which pass the pT, cut; the reduction in the WZ
cross section with increasing W mass is compensated for
by the increase in mean pT of the final-state leptons. Be-
cause the pT acceptance cut on the muons in only 3 GeV
as compared to 10 GeV for electrons, this effect is rela-
tively unimportant for the trimuon signal.

We now turn to a discussion of the dilepton + pT
cross sections shown in Figs. 17—19. These come from
the leptonic decays of the W and Z in WW and WZ
events, where WZ gives dileptons when one of the three
leptons fails to pass the acceptance cuts. Therefore, a
third of the WZ dilepton events have the same-sign dilep-
tons. The following features of the curves are worth not-
ing.

(i) The number of dilepton events from Z~WW is
smaller than those from W~ WZ; this is just a reflection
of the relative sizes of the W and Z cross sections. We
note that the dilepton cross section from W pairs is nearly
flat up to the phase-space boundary.

(ii) Since the muons are more likely to pass the pT cut
(and so, are harder to miss), same-sign ep events which
come from W~p, Z~e+e outnumber same-sign
dimuon events from 8'~p, Z~p+p . The same-sign
dielectron events occur only when the W and Z both de-
cay into electrons. It is interesting to see that the rate for

mz GeV
30 35 40 45 50 30 35 40 45 50

I I I I I I I I I

ep. Pairs

8

a

I I -. I I I .. I

25 30 35 40 45 25 30 35 40 45

w (G

FIG. 18. Expected ep cross sections from the leptonic decay
of gauginos. The parameters are as in Fig. 16. Note that O'Z
production gives the same number of opposite-sign and same-
sign lepton pairs.

e e +e+e+ pairs exceeds the e+e production rate
from W pairs as shown in Fig. 19.

At this point, we note that we have assumed that 100%%uo

of the leptons within our acceptance are detected. This is,
of course, not the case with a real detector and a complete
detector simulation must include this. We can, however,
qualitatively discuss the effect of incorporating detection
efficiency into our calculation. Consider for example,
trimuon events and assume that muons cannot be detected
if they are within 20' (in azimuth) of the vertical. For any
one muon, this gives an overall factor of —,

' on its proba-
bility of detection. For 8's and Z's that are relatively
slow moving, it is a good approximation to assume that
the azimuthal directions of the three muons are uncorre-
lated. In this case, it is straightforward to check that
47%%uo of the trimuon events survive, 13.4%%uo become same-
sign dimuons, 26.9% opposite-sign dimuons, 11% single
muons, and l. l%%uo are lost. In practice, however, because
of the motion of the gauginos, the directions of the three

(GeV)
p p, Pairs

(0) js=630 GeV
30 35 40 45 50

1 I I I I

ee Pairs

(0) ~s=630 GeV

30 35 40 45 50
I I I I

20
Cl
O.

16
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FIG. 17. Expected dimuon cross sections from the leptonic
decays of gauginos. The parameters are as in Fig. 16. We
present curves for opposite-sign (OS) and same-sign (SS) dimu-
ons.

45 25

mw (Gev)

FIG. 19. Expected dielectron cross sections from the leptonic
decay of gauginos. The parameters are as in Fig. 16.
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FIG. 22. Expected distribution of muon pT from trimuon
events when 8'~R'Z, for (a) m- =25 GeV and (b) m- =35
GeV.

FIG. 20. Distribution in (a) missing pT and (b) trimuon in-

variant mass for trimuon events from gaugino pairs for m —=25
and 35 GeV, and m =8 GeV. The distributions are normalized

y
to unity, and are virtually the same for Vs =630 CJeV as for
~s =2 TeV. dimuons in epItt events [Figs. 21(b) and 21(c)]. Since the

p pairs in epp events necessarily come from the decay of
a Z, we have mi(pp, ) & mz —m-, and, hence, a study of
the upper endpoint of this distribution can yield informa-
tion about the gaugino masses. We see that increasing the
W (Z) mass makes all the distributions harder except the

pT (pp) distribution in eILtp, events.
The pT spectra of the three muons in the trimuon

events are shown in Fig. 22 for m —=25 GeV and

m —=35 GeV. The spectra are only slightly harder in the

case of the heavier gauginos. It may be of interest to
compare these with the momentum distribution of the
trimuon events in the data of the UA1 Collaboration.

We now turn our attention to pp and ep events. The
invariant mass, pT and azimuthal opening angle (b, tt ) dis-
tributions are shown in Figs. 23 and 24. As can be seen
from Figs. 17 and 18, for m —=30 GeV, WZ is the dom-

inant source of dileptons while for m —=40 GeV, all the

events are from W pairs. This is the reason why the
invariant-mass distribution for dimuons is so much softer
for m —=30 GeV than that for m —=40 GeV. The
dimuons from WZ events are mostly from Z ~pp,
W~e with the electron being lost and hence their
invariant-mass distribution [Fig. 23(a)] is governed by the
Z mass. [Note that it closely resembles the mi(pP) dis-
tribution from epp events for m —=25 GeV shown in

Fig. 21.] The invariant-mass distribution of ep pairs is

leptons are in general correlated and thus we expect the
above numbers to be somewhat altered. We expect that
the modification due to such correlations is not too large
for heavy enough gauginos. We must emphasize that in
our simplified example only 12% of the trimuon events
were either lost or became part of the (background-
contaminated) single-lepton sample. Thus, in spite of
corrections due to detection efficiency, we believe that
there will be a substantial number of background-free
multilepton + p r events from the decay of gauge bosons
into gaugino pairs.

Various distributions from the largest trilepton and
dilepton signals are shown in Figs. 20—24. There is little
difference other than normalization between the distribu-
tions of transverse or Lorentz-invariant quantities at
CERN and Tevatron energies. This is a reflection of the
fact that in both cases the gauginos are produced dom-
inantly by the decay of gauge bosons and that we have
used the same set of cuts for both cases.

We see from Figs. 20 and 21 that although the p T dis-
tributions for ppp and epp events extend out to beyond
30 GeV, most of the events have pT between 5 and 20
GeV. We again emphasize that these isolated multilepton
events are spectacular and should be easy to identify even
though pT in these events is rather low. Also shown in
these figures is the invariant mass of the trimuons [Fig.
20(b)] and the pT and invariant-mass distribution of the
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FIG. 23. Distributions from pp events from gauginos for (a)
dimuon invariant mass, (b) missing p~, and (c) azimuthal open-
ing angle. The plots are for m- =30 GeV (dashed lines) and

m —=40 GeV (solid lines). In (c), the two curves are virtually

the same.

FIG. 21. Distributions from epp events for (a) missing pT,
(b) pT of dimuon pair, and (c) invariant mass of dimuon pair for
m- =25 GeV (solid lines) and m- =35 GeV (dashed lines). The

plots are normalized to unity; absolute magnitudes can be read
off from Fig. 16.
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FIG. 24. Distributions from ep events for (a) dilepton invari-
ant mass, (b) pT missing, and (c) azimuthal opening angle. The
plots are for m- =30 GeV (opposite sign, dashed line; same

sign, dotted-dashed line) and m- =40 GeV (opposite sign only

allowed, solid line).

VII. JET-PLUS-LEPTON SIGNALS
FROM THE DECAY OF GAUGINOS

In the last two sections we have considered the signals
resulting from the hadronic or leptonic decays of both W
and Z. Here, we consider the possibility that one of the

harder than that for dimuons partly due to the higher-PT
cut on e and partly due to the fact that the e and p come
from different gauginos. The pT distributions are similar
for both ep and Ittp events and they both are harder than
the pT distribution for trilepton events —this is because
the photinos tend to be hard in events where one lepton is
soft and/or more particles are carrying off missing PT.

The b, t)) distributions are quite different for )Ltp, and ep
events. We see from Fig. 23(c) that the b,P distribution is
flat for pP events and hence there is a large fraction of
acollinear ILtItt pairs. For the ep case shown in Fig. 24(c),
the distribution for m —=40 GeV (all from WW) is flat-

test reflecting the fact that their parent W have rather low
PT. For m —=30 GeV, the opposite-sign (OS) ep pairs
(dashed curve) are more back to back than the same-sign
(SS) ep pairs (dotted-dashed curve). This is because the
latter (SS) come only from WZ events whereas a third of
the former (OS) events come from Z~ WW'decays.

We remark here that if such multilepton events are ob-
served, information on gaugino masses can also be ob-
tained by confronting the various event topologies with
those of Figs. 16—19. For instance, if acolline(tr,
opposite-sign ep and pp pairs are observed but no trilep-
ton or same-sign dileptons are seen, one can conclude
M~ & m~+mz and m~ &Mz/2.

To conclude, if the decays W~ WZ and Z ~WW are
both kinematically accessible, there is a large rate for
background-free multilepton-plus-p T events that are
essentially free of hadronic activity. For m —=38 GeV,
and assuming 100% detection efficiency we expect 13 pb
of trilepton-plus-p T events, 19 pb of opposite-sign
dilepton-plus-pT events, and 4 pb of same-sign dilepton-
plus-pT events. This does not include multilepton events
when one of the gauginos decays hadronically and the
other leptonically. Such events will be studied in the next
section.

gauginos decays leptonically and the other hadronically.
This would lead to jet(s) + (multi)lepton + p T
events. ' ' Such topologies are also expected in the
standard model, particularly from the leptonic decay of
heavy flavors. Nevertheless, these events are important
since if gauginos can indeed be produced at hadron collid-
ers, these mixed signals must be present in a definite pro-
portion to the jet(s) + p T and the multilepton signals
discussed in Secs. V and VI, respectively. Thus, if light
gauginos exist, a definite excess of jet(s) + lepton(s)
+ p T signals over and above that expected from the

standard model is predicted.
In our computation of the cross sections for these

mixed signals, we have required that these events have a
minimum p T and that the p T vector should be isolated as
discussed for purely hadronic signals in Sec. V. We have
also used the same acceptance for jets and leptons as
described in Secs. V and VI for the single lepton + jet(s)
+ p T events. In this case, we also require

15 GeV (CERN),
PTe

10 GeV (Fermilab), (7.1a)

IPT„I &8 GeV, (7.1b)

in addition to the acceptance of Eq. (6.1) in Sec. VI.
We have also required an isolation cut on the electrons

at CERN energies, i.e., we require that an electron be
identified only if all partons within Ar =1 of the electron
momentum satisfy

I PTe I
& 4

I PT parton I

(7.2)

Whenever an electron fails to satisfy this requirement, we
assume that it cannot be distinguished from a hadron, and
hence, treat it as part of the jet. We have also assumed
that all the masons within the acceptance are identified,
both at CERN and Fermilab energies. For the CDF, be-
cause of its vastly improved segmentation as compared to
UA1, we assume that all the electrons (even if close to a
parton) can be identified. We again caution the reader
that we have assumed complete (7) ~4) muon detection at
the Tevatron, even though this will not be the case in the

I
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MIXEO SIGNALS

2p. + 0 JET
2p + 1 JET
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Lla 15—

45 25
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FIG. 25. Topological cross sections from gaugino production

( WW and WZ) where one gaugino decays leptonically and one
hadronically. The plots are for (a) t/s =630 GeV and (b)
t s =2 TeV, using the acceptance cuts given in Secs. V—VII in
the text. We show only the largest cross sections in the figure.
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initial phase of its operation.
For the mixed signals, an event may either be triggered

by a hard lepton [Eqs. (7.1) and (7.2)] or by any of the jet
triggers [(5.3a—5.3c)] discussed in Sec. V. The resulting
cross sections for various topologies with the largest cross
section are shown in Fig. 25 for both CERN and Fermilab
energies. The curves labeled 1 jet (or 2 jets) denote those
events where the lepton(s) are either outside the accep-
tance or misidentified as hadrons. This cross section
should be added to the monojet (dijet) cross section dis-
cussed in Fig. 8 (9) and Sec. V. We make the following
remarks concerning these signals.

(i) The dominant n jet+ m lepton+ pT signal turns
out to be the one for m =0, and n =1, i.e., monojets. In
the final analysis, these rates should be added to the
monojet cross sections of Fig. 8; we keep them separate
here because of their different origin. Also presented in
Fig. 25 are dijet events with undetected leptons. These di-
jet rates are much smaller than the corresponding monojet
rates because in this case both jets must come from the
same gaugino. The dijet signal for U s =2 TeV is tiny
( —1 pb), and is not included in Fig. 25(b); the reasons di-
jets are at all substantial at v s =630 GeV is due to the
stricter electron cuts (there is more chance of an electron
being misidentified as a hadron) and also because the
events can be triggered by the scalar ET and left-right
triggers in our simulation.

(ii) All rates for events containing a single identifiable
lepton (m =1) are less than 5 pb over the whole range of
W masses at v s =630 GeV. In this class of events the
single leptons should be hard and isolated. However,
these signals may compete with those from heavy-flavor
backgrounds. The single leptons + jet signals at v s =2
TeV are much larger than the corresponding CERN sig-
nals due to the more liberal acceptance conditions. In this
case, however, the heavy-flavor backgrounds are likely to
be much larger also. The sharp kinks in the 1 lepton+ 1

jet curves at ~s =2 TeV come from the cutoff of the WZ
cross section and from the fact that the 1 lepton+ 1 jet
signal from WZ is quite large up to the edge of the

kinematic boundary for Z ~WW.
(iii) The muon + jet signals which come from both

WZ and WW are significant at both CERN and Fermilab
energies. At CERN, the more stringent cuts on the elec-
tron reduces the 1e + 1 jet signal relative to the 1p+ 1 jet
signal. We also see that the 2p+1 jet signal is large. This
is due to the greatly increased acceptance in pT (pT„)3
GeV) for the dimuons. For electrons, there is no such in-
crease in acceptance. This is also the reason why the
1e + 1 jet signal at the Tevatron exceeds the 1p+ 1 jet sig-
nal for intermediate values of m —: much of the n

muon+ m jet+ pT signal manifests itself as dimuons
plus jets whereas the n electron+ m jet+ pT signal is
manifested mainly as a single electron + jets. For the
largest W masses considered here, the 2e +jet signal
reaches about 1.5 pb at Vs =2 TeV.

(iv) There is a good chance of observing gauginos via
the decay modes Zippy and W~qgy when the decay
W~ WZ is allowed. The rate for dimuon plus 0 or 1 jets
at CERN exceeds 5 pb for m~ &35 GeV. These events

VIII. SINCJLE-LEPTON SICJNALS
FROM LEPTONIC DECAYS OF THE GAUGINOS

We have seen that if the decays W~ WZ and

Z ~S'W are kinematically accessible, there can be a
large cross section for essentially background-free mul-
tilepton events which would then serve as characteristic
signatures for gauginos. We now consider the possibility
that W and Z are so heavy that the only allowed decay of
a gauge boson into gauginos that is kinematically allowed
is W~ Wy. The hadronic decay of the gaugino leads to
monojet (dijet) events as has been discussed in Sec. V.
Here, we consider the possibility of studying the leptonic
decay W~Ivy of the W which leads to single lepton
+ pT events.

Shown in Fig. 26 are the pT and cosO distributions of
the emerging electron (8 is the angle between the outgoing
electron and the incoming proton). The distributions for
the muon are identical except for differences in resolution
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FIG. 26. Distribution of (a) pT, and (b) cosO~~ in the pp c.m.
frame for V s =630 CxeV for the SUSV signal from W'~ Wy;
W~evy for m- =45, 55, and 65 CxeV. Also shown are the

background contributions from W —+ev and W~~v; ~~evv.
The backgrounds overwhelm the signal. The same is true for
Vs =2 TeV.

should consist of two isolated muons along with jet activi-
ty, so backgrounds from bb, cc, etc., will be small. The
dimuon plus 0 or 1 jet signal at the Tevatron is about 30
pb for m —& 35 GeV; this reflects not only the increased
W-production cross section at the Tevatron, but also the
wider muon rapidity acceptance which we have allowed.
These dimuon events with jet activity must also be taken
into account in the search for acollinear dimuons dis-
cussed in Sec. VI, but unlike in those events, there is a
considerable amount of hadronic activity from the decay
products of the W.

To summarize, the mixed decays (one hadronic, the
other leptonic) of the W's and Z's lead to a substantial
amount of jet(s) + lepton + pT signals. At ~s =630
GeV, this signal exceeds 25 pb for m —&37.5 GeV,
whereas at Tevatron energies, the corresponding signal
exceeds 100 pb. It is also interesting to note that le+1
jet + p T and lp+ 1 jet + p T signals for v s =2 TeV each
exceed 10 pb for W masses as high as 45 GeV. Signatures
involving one lepton+ jet(s) + pT will, however, be less
striking because they can also come from heavy-flavor
production.
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smearing for the electron and the muon. Also shown are
the standard-model contributions from W~e v and
8'—+~v~l vv v. It is clear that the backgrounds
overwhelm the signal for almost the whole of the phase
space; i.e., there is no set of cuts we can use that will
enhance the signal to background ratio up to —1. This
situation is unchanged for Tevatron energies.

We conclude that if m —)45 GeV, one will have to rely

on the hadronic decay of the W for any observable signal.
As has been already mentioned, there are several
standard-model backgrounds that need to be evaluated be-
fore one can conclude the presence of a signal. The W
search would then closely parallel a sequential heavy-
lepton search. ' The nonresonant production of heavy
(2m~ &Mz) W and Z is small as may be expected (see

Fig. 2) and hence it is unlikely that multilepton signals
from this source would lead to the identification of gaugi-
nos at either the CERN collider or the Fermilab Tevatron.
In this case, the dominant production inechanism for W
and Z may well be through scalar-quark and gluino pro-
duction, with their subsequent decay to gauginos.

IX. A STUDY OF THE MODEL DEPENDENCE:
VARIATION OF u'/v

In Sec. II we have seen that the gauge-Higgs-fermion
sector of all two-Higgs-doublet inodels could be con-
veniently parametrized in terms of the W mass, the pho-
tino mass, and the ratio U'/v of the Higgs-field vacuum
expectation values. Thus, given a value of U'/v, all cross
sections can be calculated as functions of just the SUSY-
particle masses making it possible to obtain limits on their
masses if there is no signal. As yet, our considerations
have focused on the class of models that have u'/v =1.
In this section, we discuss the effect on the gaugino signal
of relaxing this constraint. From the discussion in Sec. II,
it is clear that altering v'/U changes the mixings in the
gauge-Higgs-fermion system and also the masses in both
the gaugino and scalar-fermion sectors. We discuss the
effect of each separately.

For U'/U substantially different from unity, the decay
W~8'Z is not considered here for reasons discussed in
Sec. II. This leaves open for investigation the channels

W~Wy and Z ~WW. (As discussed in Sec. II, we do
not consider the decays of the gauge bosons into Higgs-
fermion states since these are more model dependent. )

For small values of m-, Eq. (2.13c) is unaltered and as be-

fore, our results for W'y (WW) production via W (Z )
decays can again be expressed in terms of m — [Eq: (2.6)].
The scalar-fermion masses enter the computation of the
W branching ratios. For U'/U =1, the scalar quarks and
scalar leptons are approximately degenerate and the
branching fractions have a simple form. If v'/U+ I, but
the scalar fermions are all very heavy (»Mii ), the
branching fractions are governed by the decay via a virtu-
al W boson, and hence, insensitive to any particular
choice of scalar-fermion masses. For the branching ratio
to be substantially affected, we need some of the scalar
fermions much lighter than the others. Of particular in-
terest is the case when the scalar neutrino is relatively

light but the scalar electron and scalar quarks are all
heavy so that the only allowed two-body decay mode of
the W is W~lv. The presence of such a scalar neutrino
would have escaped experimental detection.

From Eqs. (2.18), it follows that this can be readily
achieved if v'/v & 1. In the class of models we are consid-
ering, U'/U cannot be made arbitrarily small since the W
mass would then necessarily be smaller than the experi-
mental bound rn &—22 GeV (Ref. 53). The allowed range
of U'/U also depends on m-. Here, for the purposes of il-
lustration, we choose v'/U =0.5, m-=10 GeV, and a

y
scalar-neutrino mass of 10.8 GeV. The W mass is then
bounded above by =52 GeV whereas all the other scalar
fermions [see Eq. (2.18)] have masses exceeding 51 GeV,
i.e., the W decays only via W~lv.

Before proceeding to show the various topological cross
sections from Z —+WW, we note that for U'/v&1, the
mixing angles and hence the branching fraction for
Zo —+WW is altered. Typically, this is rixluced from its
value with U'/v =1. For example, for U'/U=0. 23, and a
W mass of about 30 GeV, the Z~ WW width is reduced

by almost 40%%uo. Although this reduces the total WW
cross section, the 100% branching fraction for W decay
into the Iv mode provides dilepton-plus-pz. signals from

WW production at a greatly increased rate.
The cross section for the various topologies for

U'/U =0.5 and m-„=10.8 GeV is shown as a function of
m~ at CERN and Fermilab Tevatron energies in Fig. 27.
The cuts used are the same as those for the multilepton
signals discussed in Sec. VII. The following features are
worth noting.

(i) The large cross sections are due to the 100% leptonic
branching fraction for the W.

(ii) Because the scalar-neutrino mass is only 10.8 GeV,
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FIT&. 27. Topological cross sections from gauginos when the
ratio of two Higgs-field vacuum expectation values v'/v =0.5.
In this case, 8'~ WZ is disallowed; however, Z~ W'8' is al-
lowed, and 8'~Ev where I =e, p or r with a branching fraction
of 100%. In this figure, m =10 GeV and rn„=10.8 CieV. All
other SUSY-particle masses are greater than 50 CreV [see Eq.
(2.18)].
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substantially more electron events pass the cut increasing
the proportion of ee and ep events relative to the pp
events. It is interesting to compare this to the case of
light scalar leptons with u'/u =1 considered in Ref. 16.
It is clear that increasing the mass of the scalar neutrino
will substantially decrease the number of electron events
passing the cuts, but nevertheless it is important to note

that the Z ~WW mode provides an excellent way to
search for W in the class of models in which the scalar
neutrino is light.

(iii) Unlike in Sec. VI, the ep decay mode is larger than
the pp decay mode because of the increased hardness of
the electron pz- spectrum and the additional combinatorial
factor of 2.

In this section, we have not studied the signal from
W~ Wy since for most of the allowed choice of m — the

signal from Z ~WW is accessible. We remark here that
because of the lightness of the scalar neutrino, the lepton
~ould be relatively hard and hence the signal may be dif-
ficult to disentangle from the W~lv and W~rv~lvv
background.

Finally, we briefly remark on the possibility u'/v & 1.
In this case, r [in Eq. (2.18)] is negative and the lightest
scalar fermion is dI (for m- =0). Requiring that this be
heavier than -50 GeV so that there are not too many
jet(s)-plus-pr events at the CERN collider, we find that
all the scalar fermions are heavy leading approximately to
the sort of branching fractions considered for the v'/u = 1

case.
In summary, we note that in the class of models with a

light scalar neutrino, the W mass is expected to be small

so that the decay Z ~WW is almost always accessible.
We find large cross sections for clean dilepton-plus-pz.
events (the rates for these would be sensitive to m-). It is

important to note that the pP+pr cross section at CERN
(Tevatron) energies, assuming 100% detection efficiency
exceeds 10 pb for m —&46 GeV (48 GeV). This value is

likely to be insensitive to m-, (except when m-„=m~) be-

cause of the low cut on the muon pz. We therefore con-
clude that for the case mi, m- ~ m~ & m-, it would be

possible to substantially improve the current W mass lim-
it m —)22 GeV obtained from the DESY PETRA data.

X. SUMMARY AND CONCLUDING REMARKS

We have performed a detailed analysis of the signals re-
sulting from the decay of the 8' and Z [the mass eigen-
states of the gauge-Higgs-fermion system that contain
substantial SU(2)-gaugino components] at both CERN
SppS and Fermilab Tevatron energies. Our analysis is
fairly model independent in that we have examined a
minimal SUSY model with general soft-supersymmetry-
breaking terms (induced via the super-Higgs mechanism).
In our study, we have assumed that the photino is light
( &10 GeV) and escapes detection. For a given photino
mass, the gauge-Higgs-fermion mixing parameters depend
(apart from m~) only on the ratio (v'/u) of the Higgs-
field vacuum expectation values. We have taken v'/v to

be unity throughout most of this paper, a value favored by
many models. ' All the SUSY-particle masses, couplings,
and mixing parameters (except for the heavy-flavor sector
which does not concern us in this paper) are determined in
terms of m-, m~, u'/v, and mo, the common scalar-
fermion mass at the unification scale (see Sec. II). The
signatures are relatively insensitive to any particular
values of these parameters except when one (or more) of
the scalar fermions becomes lighter than m — or m-,
thereby altering the decay patterns of the gauginos. In or-
der to illustrate this, we have also studied the case
v'/v =0.5 where the scalar neutrino can be light so that
W~lv and Z~vv decays dominate the three-body de-
cays V~fFy (f,F =quark or lepton).

In our analysis, we have attempted to model the UA1
detector acceptances and trigger requirements for
Vs =630 GeV. We have, however, made no attempt to
simulate the exact trigger conditions, e.g. , we have not
varied trigger conditions according to their appropriate
running times. The effects of the various triggers for the
jet(s) + pr events are briefly indicated in Table II and
discussed in Sec. V. We should also mention that we have
not included hadronization effects and have assumed
100% detection efficiency for particles within the accep-
tance. For ~s =2 TeV, we have attempted to model the
GDF and its trigger requirements. In this, we have been
guided by discussions with several of our experimental
colleagues.

At this point, we emphasize that we have made no at-
tempt to analyze real data or to put any mass limits on 8'
and Z masses. We believe that this is an experimental
question. Rather, it is the purpose of this paper to
analyze the possible signals that would result if 8'and Z
were light enough to be produced at present energies, or to
indicate the mass limits that may be attainable should an
absence of any signal be conclusively established. The ex-
tent to which attainable mass limits may be improved due
to the higher energy available at the Fermilab Tevatron
has also been discussed.

Our main results are given in Secs. V—VII (for
u'/u = 1) and in Sec. IX (for the case of a light scalar neu-
trino). We first review the case u'/v =1, assuming the
scalar fermions are all heavier than the gauginos. The
corresponding situation for light scalar fermions has al-
ready been studied in Ref. 16. A variety of n jet+ m
lepton + pz- signals result from the decays of W and Z.

The hadronic decay of the gauginos leads to monojet
and dijet + pr signals. We see from Fig. 8 that if we re-
quire a cross section of 30 pb for monojets (corresponding
to about 20 events in the current UA1 data sample), a W'

(Z) mass of 44 GeV (48 GeV) can be probed if m-=8
GeV; the precise value of mz for a given W mass depends
on m-. The requirement of a 30-pb cross section at ther'
Fermilab Tevatron enables one to probe W and Z masses
of 58 and 63 CxeV, respectively. From Fig. 9, the corre-
sponding number of dijet + pr events can also be read
off. For example, at CERN, the 20 monojet events dis-
cussed above should be accompanied by about 8 dijet
events if gauginos are the source of the missing-energy
events. We remind the reader that the number of monojet
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and dijet events discussed in this paragraph count only
those events from the hadronic decay of both gauginos.
In addition, there will be a contribution to these topolo-
gies from the mixed signals discussed in Sec. VII when a
lepton from the decay of one of the gauginos is outside its
acceptance or is misidentified as a hadron. This contribu-
tion, which will be discussed shortly must be added to the
jet(s) + pT signals from just the hadronic decays of the
gauginos.

At this point, we once again warn the reader that the
monojet and dijet events have substantial standard-model
backgrounds. These must be thoroughly understood be-
fore any signal can be claimed. Absence of a sufficient
number of missing-pT events would, however, lead to lim-
its on the gaugino masses.

The leptonic decays of both gauginos lead to a series of
spectacular trilepton and acollinear dilepton events with
both like- and unlike-sign dileptons. These events all have
substantial p T as can be seen from Figs. 20, 21, 23, and 24
and have very limited hadronic activity only that result-
ing from initial-state QCD radiation. We believe that
these events have very little standard-model background
(see Baer et al. , Ref. 15) and that an observation of even a
handful of such events would be a signal of new physics.
We see from Fig. 16 that at Vs =630 GeV about eight
trilepton events are expected in the current UA1 data
sample even for m —=38 GeV (m —=44 GeV), i.e., right

up to the phase space for W~ WZ. This assumes 100%
detection efficiency for leptons within the acceptance. At
Tevatron energies, for m ~ = 38 GeV more than 20 trilep-
ton events would be expected with the same amount of in-
tegrated luminosity. At both the CERN collider and the
Fermilab Tevatron over half of these are expected to be
trimuons. We believe that even if detection efficiencies
are taken into account (see Sec. VI) enough events would
survive to serve as a signal of new physics, particularly
since these must be accompanied by acollinear like- and
unlike-sign pp, ep, and ee events which we now discuss.
Again for m —=38 GeV, we can read off from Figs.
17—19 that 15—20 dilepton + pT events are expected in
the present UA1 data, about a quarter of which contain
same-sign dileptons. At the Tevatron, for the same W
mass and integrated luminosity about 50 dilepton events
may be anticipated, with one-fifth of them being same-
sign dileptons. However, since many of these events con-
tain muons, and because the muon detector at the CDF is
not expected to be operating during the initial phase of
Tevatron operation, we are not in a position to discuss the
improvement due to the higher beam energy available.
Our results illustrate the importance of muon detection
and also the detection of electrons down to lower values of
PT.

In addition to the jet(s) + pT and multilepton + pT
events discussed above, gaugino production would also
lead to jet(s) + lepton(s) + pz. events. We see from Fig.
25 that the largest signal at the CERN collider from these
mixed decay modes is classified as monojets. Almost ten
additional monojet events are expected in the current data
sample. In addition, a handful of 1 p+1 jet and 1 e+1
jet events are expected. At the Tevatron, in addition to

the monojets, there is a cross section of =75 pb for mul-
tilepton + 1 jet and dimuon events accompanied by ha-
dronic activity. Although these events are not as distinc-
tive as those from purely leptonic decays of gauginos (in
that there are large standard-model backgrounds from
heavy-flavor production ) they must be present in a data
sample along with spectacular multilepton and monojet
(dijet) events if a gaugino signal is to be claimed.

If the decays W~WZ and Z ~WWare kinematical-
ly inaccessible, gaugino production would occur only via
W~ Wy. This would lead to jet(s) + p T signals already
discussed and to single lepton + pT signals shown in
Fig. 26. It is clear that the lepton signal is swamped by
the standard-model background, and hence, it appears
that CERN LEP II would be much better suited for
detecting W with masses exceeding Mz/2 (Refs. 43, 28,
and 7).

We have relaxed the condition v'/v =1 in Sec. IX. If
this ratio is less than unity, it is possible for the scalar
neutrino to be light with the other scalar fermions quite
heavy [see Eq. (2.18)]. This ratio cannot be arbitrarily
small since the ul and W (Ref. 28) masses would then
have been small enough for them to have been detected at
e+e colliders. For illustrative purposes, we have taken
this ratio to be 0.5. In this case, the decay W~ WZ leads
to single-lepton signals which have large standard-model
backgrounds and so the characteristic signature comes

only from the Z —+ WW with the W dominantly decaying
via the two-body mode W —+lv. Since the hadronic decay
modes are suppressed this leads to the large dilepton
+ pT signal as shown in Fig. 27. It is interesting to note

that because of the light scalar neutrino many more elec-
trons pass the cuts as compared to the v'=v case shown
in Figs. 18 and 19. Even at CERN energies, the dilepton
+ pT cross section is —50 pb for m — as large as 45

GeV which corresponds to over 30 acollinear dilepton
events in the present data sample (modulo efficiency
corrections).

In surnrnary, we have examined the different signatures
arising from the decays W~ W'y, W~ WZ, and

Z ~WW. For the case u'/U = 1, we have shown that the
hadronic decays of the gauginos lead to substantial rates
for monojet and dijet events at both the CERN collider
and Fermilab Tevatron. If the decays W~ WZ and

Z ~WW are kinematically accessible (this is consistent
with experimental data as can be seen from Fig. 5) these
events must be accompanied by a variety of spectacular
multilepton events that are essentially free from the
standard-model background. In addition, there would be
an observable rate for jet(s) + lepton(s) + pT events.
Absence of these signals in the accumulated data sample
obtained at the CERN collider already implies that the
decay 8'~WZ is kinematically suppressed, and thus
m —& 36—38 GeV corresponding to m- & 4 —44 G V d-
pending on the photino mass (assumed to be (10 GeV).
Gauginos of masses at the above lower limits should give
over 20 monojet events, about 8 trilepton and 15—20
dilepton + pT events in the accumulated UA1 data sam-
ple which even after efficiency corrections should leave an
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observable signal. We further note that the recently an-
nounced bound, mL &41 GeV, on the sequential lepton
mass translates to a limit on m —.If we require that the
cross section for pz- events from gauginos be less than the
corresponding cross section from heavy leptons with
mI ——41 GeV, we find m~) 40 GeV (from monojets
alone) and m —)44 GeV (if we combine the signals in

Figs. 8, 9, and 25). If the scalar neutrino is light (and the
other scalar fermions heavy), the large rate for acollinear
dilepton events may make it possible for the UAl Colla-
boration to put a lower mass limit on the 8' as high as 45
GeV. We note that these are direct mass limits and are,
unlike the ASP limits, ' independent of the scalar-fermion
mass. With the increased luminosity available at the Fer-
milab Tevatron or with the inception of the new antipro-
ton accumulator at CERN, even better limits may be pos-
sible.

Px + lay
p I I p I p ]

I +
In the chiral representation, we have explicitly

ir" 0 (A5)

—1 0
5

V 0 (A6}

with the 2 X 2 matrix four-vectors

ir+ ——(I,+o) (A7)

expressed in terms of the Pauli matrices cr=(cr„,cr~, o, ).
It is easy to verify that the free spinors (A2) satisfy the
Dirac equation
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APPENDIX A: WEYL-BASIS CALCULATION
OF THE HELICITY AMPLITUDES

it=(4+ 0—} (Al)

with

u (p, &)+——iv+k(p)Xk(p),

v(p, i(, }~——+Aiv+k(p)X k(p) .

(A2a)

(A2b)

Here k is two times the helicity of the on-shell fermion or
antifermion of momentum p"= (E,p„,p~,p, ), i.e., A, = + 1,

In this appendix we present a self-contained review of
the helicity-amplitude calculus of Ref. 26 which we used
to obtain the formulas listed in Appendix B.

In order to get the formulas which allow fast numerical
evaluation, we use the chiral representation of Dirac ma-
trices and go to a two component notation. A four spinor
iti [=u(p, i(, ) or v(p, i(, )] is given by

and the convention

v (p, A. ) = Cu (p, X), (A9)

with C =i@ y .
By inserting these explicit expressions into an arbitrary

amplitude written in the four-spinor basis, one obtains
easily the expression in the two-spinor basis. A contrac-
tion of Lorentz indices can now be performed by using the
Fierz identities

(o+),(~+„)kl=244j,
(~r+ )ij (ir+p)kl ('fiij ~kl ~il~kj } ~

(A10a)

(A lob)

T(p, q)k =Xk(p)X (q), (A 1 1)

which is just a complex number. We may regard this
quantity as analogous to the basic dot products of vector
calculus. Since all the helicity eigenspinors are expressed
explicitly in terms of their three-momentum components
in Eq. (A4), it is straightforward to evaluate the spinorial
product T(p, q)k as a function of two three-momenta and
two helicity indices A, and o. The matrix functions
Tk (p, q) are not all independent. They satisfy

and

T(p, q)k =~~T(p q)* k, . (A12a)

where the spinorial indices i, j, k, and l take the values 1

and 2. After making this contraction, one finds that our
production (Sec. III) and decay (Sec. IV) amplitudes can
be expressed entirely in terms of the basic spinorial prod-
uct

iv+(p)=(E+
I p I

)' ', (A3) (A12b)

I p I +p.
x+(p)=[2lx I(lpl+p. )] '"

p +,p (A4a)

and Xk(p) is a normalized helicity eigenspinor expressed
explicitly in terms of the particle three momentum as

All our helicity amplitudes are then expressed in terms of
coupling constants, factors co+(p) of (A3) and the product
T as defined by Eq. (All). Numerical evaluation of each
helicity amplitude is then straightforward. The full am-
plitudes are obtained by multiplying the production and
decay amplitudes and then summing over intermediate
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particle helicities in the zero-width approximation for the
decaying particles. Polarization-blind cross sections can
then be obtained by summing the absolute value squared
of each helicity amplitude over all the external particle
helicities and averaging over the initial-particle helicities.

One advantage of the formalism of Ref. 26 is that all
amplitudes are expressed in arbitrary Lorentz frame since
no specification of the frame is made in defining the spi-
nors, see Eqs. (Al) —(A4). Because each helicity ampli-
tude transforms nontrivially under a Lorentz boost, the
boost invariance of the polarization-summed squared am-
plitudes can serve as a nontrivial check of the numerical
program.

coz(p) =52„+(2p )'i for m =0, (B1)

dW WVWD
( +—)T

a

~b= —5a 5—+g g Dd (q —pz)T2

~,=5 5 g" "g "D„(q—-pi)T3

(B2a)

(B2b)

(B2c)

qqv wwvD
( +—)T

V

(B2d)

which saves the helicity summation for light fermions.
The production amplitudes listed in Eq. (3.3) can be ex-

pressed as

APPENDIX B: LIST OF HELICITY AMPLITUDES D- (q —pz)», (B2e)
In this appendix, we present all the production and de-

cay amplitudes appearing in our analysis in the standard
form of Ref. 26, in terms of the quantities coz(p) of Eq.
(A3) and T(p, q)» of Eq. (Al 1). Once one has set up rou-
tines to evaluate these as functions of four-momenta and
helicity indices, it is straightforward to numerically evalu-
ate all the expressions.

For simplicity, we have ignored quark and lepton
masses in the expressions listed below. In this case, the
quantity coz(k) simplifies to

5.-+g" "g '"D; (q —S i »3

~'. 'g."D- (q —S 2)T»

(B2fl

(82g)

Here, the summation over n is + and —,that over V is

y and Z, and we use the notation f+ and f for fz and

fr, respectively. The terms T; are expressed as

T, =4asz(q q )' chas, (p&)co a, (pz)[(5a —5 )T(p„q), T(q,pz), ,+5 T(p&,pz), , T(q, q) ],
T2 2(q q ) ~as|9 1 )~—asz(pz ) T(pl iq )s], —aT V 2irq)sz, a i

T3 ——2(q q )' '~as (pz)~ a, (p, )T(p„q)s aT(p„q)s a,

(83a)

(B3b)

(B3c)

in terms of the spinorial product T defined in Eq. (Al 1).
The decay amplitudes of Eq. (4.4) read

~,=5, 5,, gg.' g'" D (k+k)T, ,
a

m, =52 5, +g" "g'""D„(k,+k, )T, ,

~„=52, 52, +g ""g "Dd (ki+kz)T6

(B4a)

(B4b)

pzP, tg., Df- «i+k3)Ts' (B4d)

=52.
3 z.gz. z gpz D7 (ki+kz)T6', (B4e)

5z + gga g" wDw(kz+k3)T4,
a

m, =52„, 52„, ~g" "g "D~ (ki+k3)T5

(B4f)

(B4g)

~~=5& 5z +g "g" "Dd (k, +kz)T6 (B4h)

where

T4 4(kzk3 ) Q)az (k'[ )Qpas(p)[(5 + —5 )T(k»k3 )z T(kz,p) s +5a T(k»p)2 sT(kz, k3) ]

T, =2(kzk3)' co ~(P)co az„(k, )T(kz,P)asT(k„k3)2 a,
T6 ——a2A (kikz)3' co, (p)co 2,,(ki)T(k3,p) a,sT(kz, ki)a,

(BSa)

(Bsb)

(B5c)
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This completes the compilation of all the amplitudes. Since all the couplings are listed in Eq. (3.9) and the factors T;
are expressed in terms of co (p) [see Eq. (A3)] and T(p, q) Is [see Eqs. (A4) and (All)], it is now straightforward to nu-
merically evaluate all of the amplitudes.
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