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We study the most promising signals for supersymmetry at CERN LEP II in the context of two well-
motivated supergravity models: (i) the minimal SU(5) supergravity model including the stringent con-
straints from proton stability and a not too young universe and (ii) a recently proposed string-inspired
no-scale Aipped SU(5) supergravity model. Our computations span the neutralino, chargino, slepton,
and Higgs sectors together with their interconnections in this class of models. We find that the number
of "mixed" (1-lepton+ 2-jets+ p') events occurring in the decay of pair-produced charginos (y —, ) is quite
significant (per X=100 pb ') for both models and that these predictions do not overlap. That is, ifI + (100 G-eV then LEP II should be able to exclude at least one of the two models. In the no-scale

Xi

Aipped SU(5) model we find that the number of acoplanar dielectron events from selectron pair produc-
tion should allow for exploration of selectron masses up to the kinematical limit and chargino Inasses in-
directly as high as 150 CieV. We find that the cross section e+e ~Z h deviates negligibly from the SM
result in the minimal model, whereas it can be as much as

3
lower in the Aipped model. The usually

neglected invisible mode h ~g&gl can erode the preferred h ~2 jets signal by as much as 40% in these
models. We conclude that the charged slepton sector is a deeper probe than the chargino neutralino, or
Higgs sectors of the Aipped SU{5)model at LEP II, while the opposite is true for the minimal SU(5) mod-
el where the slepton sector is no probe at all.

PACS number(s): 14.80.Ly, 12.10.Gq, 14.80.Gt

I. INTRODUCTION

The quest for a theoretical understanding of supersym-
metry and its phenomenological consequences has been
going on for over a decade. So far no supersymmetric
particle has been directly observed in accelerator experi-
ments or indirectly in proton decay or dark matter detec-
tors. However, the recent precise measurements of the
gauge coupling constants at the CERN e+e collider
LEP can be taken in the context of supersymmetric grand
unification as indirect evidence for virtual supersym-
metric corrections [1]. This observational situation may
appear discouraging to some. However, it really should
not since from a totally unbiased point of view, most
sparticle masses could lie anywhere up to a few TeV, with
no particular correlations among them. This means that
existing facilities (Fermilab, LEP I,II, the DESY ep col-
lider HERA, Gran Sasso) as well as future ones [CERN
Large Hadron Collider (LHC), Superconducting Super
Collider (SSC)] are needed in order to truly explore the
bulk of the supersymmetric parameter space.

On the other hand, specific supergravity models incor-
porating well-motivated theoretical constraints can be
very predictive, and perhaps even fully tested in the next
few years with the present generation of collider experi-
ments at Fermilab, HERA, and LEP II. We have recent-
ly focused our attention on two such models: (i) the
minimal SU(5) supergravity model including the severe
constraints of proton decay [2—6] and a not too young
universe [4,6—8], and (ii) a recently proposed no-scale

flipped SU(S) supergravity model [9]. The parameter
spaces of these models have been scanned and a set of al-
lowed points has been identified in each case. Several re-
sults then follow for the sparticle masses. These are sum-
marized in Table I and discussed in detail in Refs.
[4,6,7, 10,11] for the minimal SU(5) model and in Refs.
[9,10,11] for the flipped model. As far as the sparticle
masses are concerned, perhaps the most striking
difference between the two models is in the slepton
masses which are below =300 GeV in the flipped SU(5)
model, while they are out of reach of existing facilities,
i.e. , above 300 GeV, in the minimal SU(5) model. The
study of the specific models such as the two we are pursu-
ing singles out small regions of the vast 21-dimensional
parameter space of the MSSM (minimal supersymmetric
extension of the standard model). We have already shown
[6,10] that experimental predictions for these models can
be so precise that potential discovery or exclusion in the
next few years is a definite challenge.

In a previous paper [10] we have studied the prospects
for supersymmetry detection at Fermilab in the
neutralino-chargino sector. Here we continue our general
program by exploring the supersymmetric signals for
charginos, neutralinos, sleptons, and the lightest Higgs
boson at LEP II in the two models. For charginos we
study the reaction e e —+g&+g& and the subsequent
"mixed" (1 lepton plus 2 jets plus p') and dilepton decay
signatures. We show that the predicted number of mixed
events for both models are experimentally significant up
to the kinematical limit, and do not overlap. Therefore, if
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m + ( 100 GeV, then LEP II should be able to exclude at
Xl

least one of the models. For neutralinos we analyze
e+e ~y,yz and the dilepton signature, as a means to
indirectly probe chargino masses above 100 GeV. The
charged slepton sector appears very interesting for LEP
II in the predictions of the flipped SU(5) supergravity
mode1. We compute the number of dilepton events ex-
pected from pair-produced ee, pp, and ~~, and conclude
that these also should be accessible up to the kinematical
limit. Finally, we explore the Higgs sector and study
e+e ~Z*h production, the branching ratios h —+bb,

, and cc,gg and the "invisible" mode h —+g&y&. We
show that the latter can have a branching ratio as large as
30%, therefore significantly eroding the preferred h ~2
jets mode. Nonetheless, detection is possible in a large
fraction of parameter space for both models at LEP II.
Throughout this paper we emphasize the interconnec-
tions among the various sectors of the models and their
experimental consequences. For example, charged slep-
ton pair production should indirectly probe chargino
masses as high as 150 GeV in the Hipped model.

II. CHARGINOS AND NKUTRALINOS

Among the various super symmetric neutralino-
chargino production processes accessible at LEP II, the
one with the largest cross section is e+e —+g&+g& which
proceeds through s-channel y* and Z exchange and t-
channel vL exchange. This cross section has been calcu-
lated in the literature [12—14] for various limiting cases
of the chargino composition and for a general composi-
tion (i.e., an arbitrary linear combination of W-ino and
charged Higgsino components) as well. We have in-
dependently calculated the cross section in the general
case, and our result agrees with, e.g. , Ref. [14]. The cross

sections for this process for both models are shown in
Fig. 1 for &s =200 GeV. The reason the cross sections
are lower in the no-scale flipped model is due to a well-
known destructive interference between the s and t chan-
nels, which is relevant for light vl masses, or more prop-
erly for m -m +. In addition, for ~p~ ))M2=0. 3m

Xi

[M2 is the SU(2)1 gaugino mass] the g*, mass eigenstate
is predominantly gaugino and therefore its coupling to
lepton-slepton is not suppressed by the small lepton
masses. In the minimal SU(5) the model, m )500 GeV

vI

and the contribution of the t channel is small. In the
Aipped model m -m + and the destructive interfer-

X)

ence is manifest.
The best signature for this process is presumed to be

the one-charged lepton (e — or p —
) + 2 jets +p' or

"mixed" mode, where one chargino decays leptonically
and the other one hadronically [15,16]. In the minimal
SU(5), since the sleptons and squarks are heavy, the char-
gino decays are mediated dominantly by the W-exchange
channels [10]and one gets

+ (XI ~XI' vi )minimai= 9 (I = +P')

and

+ 0
(Xl X 1'W )minimal

For the Ripped case things are more complicated due
to the light slepton-exchange channels. There are three
regimes which one can identify: (i) when the slepton ex-
change channels dominate, the leptonic branching ratio
(into l =e + p) is =—', and the hadronic one goes to zero;
(ii) when the W-exchange channels dominate [as in the
minimal SU(5) case], the leptonic branching ratio drops
down to =—,'and the hadronic one grows up to =—', , and
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FIG. 1. The cross section for
e+e —+g&+y& at &s =200 CxeV

as a function of chargino mass
(m ~) for the minimal SU(5) su-

Xl

pergravity model (top row) and
the no-scale flipped SU(5) super-
gravity model (bottom row). The
smaller size of the latter is due to
destructive interference effects in
the presence of a light sneutrino.
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integrated luminosity for(iii) in the transition region between these two regimes,
destructive interference between the 8'-exchange and
slepton-exchange amplitudes can suppress the leptonic
branching ratio and enhance the hadronic one beyond
their values at the end of the transition. In Fig. 2 we
show an example of this phenomenon for m, =100 GeV;
for larger values of m, the effect is less pronounced (see
Fig. 2 in Ref. [10]).

In Fig. 3 we show the number of "mixed" events to be
expected per X= 100 pb ' for both models, i.e.,

a(e+e —&yi+Xi }~0.40 (0. 17}pb

(Ref. [18]). These calculations assume W-exchange domi-
nance in chargino decays [case (ii) above] and are there-
fore applicable to the minimal SU(5) model. In this case
Fig. 3 shows that one could explore all allowed points in
parameter space with m + &100 GeV, since o. ~0.40

(0.17) pb for X= 100 (500) pb ' would require 40 (85) ob-
served events. Moreover, since in this model m + & 104

(92) GeV for p) 0 (@&0) [11], only a few points in pa-
rameter space should remain unexplored in this direct
way at LEP II.

For the Hipped model the experimental study referred
to above may not apply since the 8'-exchange dominance
assumption is not likely to hold for m + & 100 GeV (see,

1

e.g. , Fig. 2). Assuming that the results apply at least ap-
proximately, we can see that a fraction of the parameter
space for m ~ & 100 GeV could be explored. If no signal

X]
is observed, this would imply that m + & 100 GeV in the

~l
minimal SU(5) model, but not necessarily in the Ilipped
model because of possible highly suppressed hadronic de-
cay channels. To probe the remaining unexplored re-
gions of the Aipped model for m + & 100 GeV we show in

X]
Fig. 4 the predicted number of events for
e+e ~g&+y& —+dileptons which does not suffer from
small chargino hadronic branching ratios. However, the
eKciency cut needed to suppress the backgrounds to this
process is not known at present. Nevertheless, the signal
is significant and should encourage experimental scru-
tiny. ' For the minimal SU(5) case the dilepton signal is —,

'

Xi Xi »(ri+ Xii+vi }B(X& Xin'»,
where the factor of 2 accounts for summing over the two
charges of the outgoing lepton. The very small numbers
for the Hipped model which occur mostly for p & 0 corre-
spond to points in the parameter space where the
slepton-exchange channels dominate the chargino decays
and the hadronic branching ratio goes to zero [case (i) in
the previous paragraph]. Perhaps the most interesting
feature of these results is that the predicted number of
events for both models do not overlap. Therefore, if
m + & 100 GeV, then LEP II should be able to exclude at

least one of the models (and possibly even both).
As far as the backgrounds are concerned, the dominant

one is e+e ~8'+ 8' with one 8'decaying leptonically
and the other one hadronically. (To a lesser extent, the
ff(y ), Ze (e), Wv(e), ZZ, and Zvv backgrounds also ap-
ply [17].) Several features of the chargino decays (such as
an isolated lepton, missing mass, hadronic mass, etc.) al-
low for suitable cuts to be made which reduce the 8'8
background to very small levels [16—18]. Model-
dependent studies indicate that a 5o. effect (i.e.,
Slv'B ~ 5cr) can be observed with X= 100 (500) pb ' of
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In the next section we show that the chargino-dilepton signal is, in general, a "background" to dileptons from charged slepton de-
cays. Therefore experimental isolation of the chargino-dilepton signal may be required anyway.
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of that for the mixed mode: a factor of 3 is lost in substi-
tuting the hadronic branching fraction (—,') for the lepton-
ic one ( —,'), and a further factor of 2 from not needing to
sum over the charges of the outgoing lepton. Thus, Fig.
3 (top row X —,') shows that the minimal model dilepton
signal is generally smaller than the flipped model one.

Concerning neutralino detection at LEP II [12,19], the
largest observable cross section occurs for e e
which is mediated by Z' s-channel exchange and eI z t-
channel exchange. Since in the models we consider
m + m p 2m p this process could explore indirectly

X] X2 Xj
chargino masses up to —130 GeV and may be worth con-
sidering despite the potentially small rates. The coupling
Zy, yz depends exclusively on the Higgsino admixture of
y, and gz and is thus highly suppressed here (and so is
the s-channel amplitude) and in any model where
~tM~)&M2. The cross section then depends crucially on
the t-channel amplitude, i.e., on the selectron mass. For
the minimal SU(5) model we find

o(e+e ~y,y~) (10 fb

since m )500 GeV. Even with 100% efficiencies and
L, R

high branching ratios, it would take at least X=1000
pb ' to get an observable signal at the largest cross sec-
tion. For m + & 100 GeV the cross section drops below

XJ

0.1 fb and therefore this mode is hopeless for exploration
of chargino masses above 100 GeV at LEP II in the
minimal SU(5) model.

For the Hipped model we have m &190 GeV and
R

m & 300 GeV and thus the cross section for

e e —+g&gz is correspondingly much larger, although
slightly below 1 pb at most; see Fig. 5 top row. With
X=500 pb ' and a neutralino dilepton branching ratio
as high as —', (see Fig. 4 in Ref. [10]),one could get an ob-
servable number of neutralino-dilepton (y, ~g, l+/ )

events even for m + & 100 GeV; see Fig. 5 bottom row.
X]
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FIG. 4. The number of dilep-
ton events per /=100 pb ' to
be expected from the process
e+e ~g& y, for the Ripped
model. The corresponding num-
ber in the minimal SU(5) model
is —' of that shown on the top
row in Fig. 3.

2Note that neutralino dileptons need still to be distinguished from the chargino dileptons discussed above; the one-sided nature of
the former signal may help in this regard.
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Most of the backgrounds to this process can be reduced,
except for the W'W'one which was shown in Ref. [16] to
overwhelm the signa1 for both leptonic and hadronic de-
cays, at least for the parameters considered by those au-
thors. A reevaluation of this analysis in the light of the
Aipped model cross section and branching ratios would
need to be performed to be certain of the fate of this
mode. Since this is one way in which LEP II could in-
directly explore chargino masses above 100 GeV, it
would appear to be a worthy exercise.

considerably heavier than the right-handed (R) ones (see
Fig. 3 in Ref. [9]). In particular,

m &m &m &m
R R'~R L') L L

The acoplanar dilepton signal associated with selectron
pair production has been traditionally assumed to come
entirely from eL z~e —

g& decay channels, i.e., purely
dielectrons. This is an idealization which need not hold
in specific supergravity models. In the Hipped model the
following decay channels are allowed:

III. SLEPTQNS
+ + p + p +

gz &~X~ (3.2a)

The charged slePtons (ez, z IMz, z Yz, z ) offer an in-
teresting supersymmetric signal through the dilepton de-
cay mode, if light enough to be produced at LEP II
[12,15,16,20,21]. This is partially the case for the Ilipped
SU(5) model where m ~ 300 GeV and m ~200 GeV.

L R

[No such signal exists at LEP II for the minimal SU(5)
model since mT )300 GeV. ] We have computed the cross
sections for

—+-——+-—-+-+

+ ~ +~ ~ +~PI.PL PzPz
+ — +-—,—+——

(3.1a)

(3.lb)

(3.1c)

The eL eL, e& e& Anal states receive contributions from
s-channel y and Z* exchanges and t-channel g; ex-
changes, while the eI e z only proceeds through the t
channel. The I-L+I-.„I-R+I-~ and ~~+~~, ~~+~~ Anal s~a~es
receive only s-channel contributions, since all couplings
are lepton flavor conserving, and therefore mixed I.R
final states are not allowed for smuon or stau production.
Our results agree with those in Ref. [21]. Note that in
the flipped model the left-handed (L) slepton masses are

+ + Q + p
eR ~e (3.2b)

If yz decays invisibly (yz~vvg) and y —, leptonically
(g~ ~l —vip, l =e, IM, r), then one has new contributions
to the sought-for dilepton signal. Note however that in
the latter case the charged leptons (e, tu, , r) will be "non-
leading" and thus their spectrum (from three-body g& de-
cay) is likely to deviate from the "leading" lepton spec-
trum (from two-body ez ~ decay). Because of the details
of the model, more than 90%%uo of the points in the allowed
parameter space have m & m o and therefore

R +2

8 (ez ~e —g) = 100% for these points; the remaining
points, which allow m )m 0, have branching fractions

X2

to e —yl no smaller than 75%%uo. On the other hand, for all
points in parameter space we find m & m 0 + and the

X2 X)

decays of the heavier eL proceed in all three ways.
It is important to realize that in this model, for a given

point in parameter space, all slepton masses are deter-
mined, and the lighter of the final states in Eq. (3.1a)
(e~ ez ) will dominate the total cross section into select-
ron pairs. Moreover, the dilepton signal from this dom-
inant contribution will be purely leading dielectrons. The
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other final states in Eq. (3.1a) involving the heavier
ei (ei e ~,eL+eL ) have smaller cross sections and contrib-
ute mostly leading dielectrons. This is because nonlead-
ing leptons (e,p, r) require the production of the heavier
ez and the further branching ratio suppressed decay into
v&y —, . Therefore, we expect the traditional acoplanar
dielectron +gf (missing energy) signature to prevail.

We have computed the total (leading) dielectron signal
(per X=100 pb ') from all channels in Eq. (3.la). The
result is shown in Fig. 6 (top row) as a function of the
selectron mass m . The thinning of the point distribu-

R

tions for m 80 GeV is due to the kinematical closing
R

of the eL e~ production channel. The number of dielect-
ron events is quite significant and with adequate experi-
mental eKciencies to account for the dielectron 8'8', ZZ
decay backgrounds [17,18,22] it should be possible to ex-
plore the whole kinematical allowed mass range (i.e.,
m 8100 GeV and indirectly larger m masses) with

eR L
X=500 pb '. For example, a study in Ref. [17] indicates
that one would need o(e+e ~ee) ~0. 1 pb to observe a
5o. effect. From Fig. 6 this will allow exploration up to
m =95 GeV.

R

The analysis in the previous paragraphs for selectron
pair production can be carried over to p and ~ pair pro-
duction. In this case p~ p~ and 7~7~ dominate the pro-
duction cross section and the leading dimuons and di-~'s
constitute the bulk of the dilepton signal, respectively.
Furthermore, nonleading leptons (e,p„, r) are even less
likely to occur here since the larger contributions from
LR final states (compared to LL final states) in the select-
ron case are not present here. In Fig. 6 (bottom row) we
show the result for the di-w case; the dimuon signal is
very similar. These signals are smaller (although not by
too much) than the dielectron signal in selectron pair
production because of the fewer production diagrams.

The slepton dilepton signal could also be used to ex-
plore indirectly values of the chargino masses beyond the
direct kinematical limit of 100 GeV. In Fig. 7 (top row)
we show the e dielectron signal versus the chargino mass,
and observe that, in principle, one could probe as high as
m + = 150 GeV. In fact, this indirect method appears to

X]
be much more promising than the one suggested in Sec.
II through the g&gz channel.

It is important to realize that dileptons also occur in
chargino (and to a lesser extent g2) decays, as discussed
for the flipped model in Sec. II. In Fig. 7 (bottom row)
we show the number of chargino-dileptons from Fig. 4
but this time plotted against I . This "background" to

R

slepton-dileptons (the search topology for dileptons is the
same) has some features which may allow for it to be
suKciently accounted for. The slepton-dileptons contain
only (leading) /+I (l=e,p for now) pairs, whereas the
chargino-dileptons in Fig. 7 contain a mixture of 25/~
e+e, 25% p+p, , and 50% e~p . Moreover, the com-
mon I+l pairs have a difFerent energy spectrum (c.f.
l ~l —y, with y —, ~l —+

v&y, ). Of course, if charginos are
observed through the mixed signal, one could simply
"subtract out" the ensuing chargino dilepton signal from
the total observed (chargino + slepton) dilepton signal.

The previous two paragraphs exemplify the intercon-
nections among the various sectors of this class of mod-
els. These correlations allow experimental exploration of
one sector to probe indirectly other sectors. They also al-
low for a reliable computation of all contributing sectors
to a particular physics signal (such as acoplanar dielect-
rons).

We have not considered the production of sneutrinos
since because of their masses (in between the R and L
charged lepton masses) the rates will be lower than for
selectron production. Moreover, their visible decay
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channels ( v, ~v, Xz, e +—
XI ) are branching-ratio

suppressed (since v, ~v,g is expected to dominate), and
will lead to one-sided (likely soft) dileptons.

IV. THE LIGHTEST HIGGS BOSON

We now consider the standard alternative to direct
sparticle production and decay modes, namely, the SUSY
Higgs sector. Since the supergravity models we consider
here contain two complex Higgs doublets, after spontane-
ous symmetry breaking the physical Higgs spectrum con-
tains the usual h, H (CP even) and A (CP odd) neutral
Higgs fields, and the charged H — Higgs field. For a
comprehensive review of the SUSY Higgs sector, we refer
the reader to Ref. [23]. Our goal in this section is to re-
formulate the "generic" analysis for SUSY Higgs-boson
production and decay in terms of the specificminimal an'd

flipped SU(5) supergravity models described above. As a
result we must include some nonstandard decay channels,
such as h —+y&g&, which are usually not considered in
generic analyses since they are so model dependent.
Significantly, B(h~yigi) can be quite large in these
models, and this modifies the usual assumptions regard-
ing Higgs signals at colliders. We also incorporate the
one-loop corrections to the Higgs-boson masses which
can be quite significant in large regions of parameter
space [24].

From the underlying radiative breaking mechanism in
the two supergravity models we consider [25], and the ex-
perimental lower bound on the gluino mass, one can
show [ll] that the Higgs sector of both models ap-
proaches a SM-like situation with a light scalar (h) with
SM-like couplings, and a heavy Higgs spectrum
(H, A, H )which tends to d—ecouple from fermions and
gauge bosons for increasing m (see Ref. [11]for further
details). The approach to this limit is accelerated (as a

function of m ) in the minimal SU(5) model due to the
proton decay constraint which requires large scalar
masses. In the Aipped model the A Higgs boson can be
relatively light for large tanP( m „~m i, ), implying a
slower approach to the limiting situation. For the most
part then, we need only consider the h Higgs boson at
LEP. Thus, the phenomenological analysis of the Higgs
sector for each supergravity model simplifies dramatical-
ly, particularly when making contact with previous ex-
perimental and Monte Carlo results. With proper care
for the nonstandard hZZ coupling and branching ratios
(which simply amounts to a rescaling of the SM analysis),
we can adopt the definitive SM analysis of Ref. [26] for
mH ~ 80 GeV along with the recent results summarized

in Ref. [22] for mH ~ 80 GeV.
SM

With regard to Higgs-boson production, since we take
&s =200 GeV, the only relevant mode is the standard s-
channel e+e ~Z*h~hff production process, since
the Hff, H+H final states are kinematically forbidden,
and the 8'W-fusion t-channel processes are relevant only
for v's ~400 GeV +0.6m', [23]. For the flipped case,
there are a few exceptional (( l%%uo) points in the allowed
parameter space for which the associated e+e —+hA
process is kinematically allowed (i.e., for mh ~m~ ~90
GeV which is possible for large tanP values, see Fig. 6 in
Ref. [9]); we neglect this mode in our analysis. In Fig. 8
we show the cross section cr(e+e ~Z*h ~hvv) vs mh
for both models for v's =200 GeV. The values shown
for the minimal SU(5) model also correspond to the SM
result since one can verify

o(e e —+Z*h) . 2=sin (a —P) &0.9999
cr(e+e ~Z "HsM)

in this case [11]. As a reference point, for mh =80 GeV,
and the canonical integrated luminosity of 500 pb ', the
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FIG. 8. The cross section at
&s =200 GeV for e+e —+Z*h
—+h vv for the minimal SU(5)
model (top row) and the Hipped
model (bottom row) as a func-
tion of the Higgs mass mz. In
the minimal SU(5) model the
cross section differs negligibly
from the SM result, whereas in
the Aipped model decreases of
up to =

3 are possible for a
small (& 1%) set of points in the
allowed parameter space corre-
sponding to relatively light
values of m&. Note the "tail" in
the cross section in the Hipped
case for mh ~ 110 GeV when the
second Z goes off shell.

SM [and also the minimal SU(5)] value of o =0.145 pb
would correspond to approximately 62 bbvv events (56 if
initial state radiation is included) [26]. The "tail" in the
cross section when the second Z is forced o6' shell is evi-
dent in the Aipped case for m& ~ 110 GeV. In this model,
significant deviations from the SM curve are possible (see
Fig. 8 and compare top and bottom rows), and these cor-
respond to the small set of points ( & 1%) for which m„
can achieve moderately light values (m„~ mb for large
tanp). Since in this case sin(a —p) ~0.8, a reduction of
up to =—,

' in the cross section is possible compared to the
SM case. We should add that these results agree quite
well with previous results obtained in Ref. [27] for a
slightly different version of the no-scale fiipped SU(5) su-
pergravity model. There the reduction in
sin (a —P)-0. 8 is only possible for large tanP values,
and 80 GeV & mb & 100 GeV. In addition, in Ref. [27] it
was found that m& ~ 120 GeV, and this limit is close to
the one obtained in the present version of the Hipped
model (mb & 135 GeV).

Regarding the decay of the h Higgs boson, it is well
known that higher-order QCD corrections can be impor-
tant and afFect the overall results for the relevant decay
channels h +bb, cc by —up to 20% [28]. This should be
particularly true at LEP II, where mh is much greater
than m, & and there will be significant running of the
quark masses from the scale Q =m, b up to Q =mb. We
therefore choose to include QCD corrections to 0 (a, ) as
outhned in detail in Ref. [29]. In addition, significant
departures from the usual SM branching ratios result
when we include the h ~y1y& decay channel. Statistical-
ly speaking, we find that 7% (12%) of the points for the
Qipped model for p )0 (p & 0) kinematically allow for this
nonstandard decay mode. In the minimal SU(5) case, this

fraction rises to 26% (36%) for p) 0 (p &0). In Figs. 9
and 10 we show the branching ratios for h —+bb, and
ggI, respectively, for both models. For B(hubb), the
"standard" expectation of =0.85 is evident; however, the
value can be reduced down to 0.6 (0.5) in the minimal
(fiipped) SU(5) model predominantly due to the opening
of the gg channel. (The few points for p&0 in the
minimal model which have yet smaller branching ratios
correspond to an enhancement of the h —+gg rate, as de-
scribed below. ) In the fiipped case, the h —+glyI mode is
maximized for mb =105 GeV (see Fig. 10 bottom row),
while for the minimal case this happens for m& ~ 75 GeV
(see Fig. 10 top row).

As for the other decay channels (h —+gg, r r, cc), in
Fig. 11 we show the B(h —+gg), which varies consider-
ably over the parameter space, and generally increases
with m, . The three packs of curves in Fig. 11 for the
fiipped model (bottom row) correspond from left to right
to m, =100, 130, 160 GeV; the further structure is due to
the tanp values used which increment in steps of two
units starting at tanp=2 and accumulate for large tanp.
For the fiipped model we find B(hogg) &0.2. This is
generally true for the minimal model also, except for
some extreme cases for large m, =160 GeV, when it can
be as large as =0.9. This enhancement is due to a large
rl z mixing (which occurs in a small region of parameter
space), which results in a very light stop mass m- =50

There are only a handful of points for which the h~g&g2
mode is kinematically accessible in the flipped model [there are
none in the minimal SU(5) model] with B (h ~y,yz) & 10 . We
do not show these points here.

~We use the expressions for h ogg that appear in Ref. [30]
along with minor corrections pointed out by those authors.
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GeV and therefore suppresses the bb mode significantly
[note the points with uncharacteristically small values of
B(hubb) in Fig. 9, top row, for Itt(0]. We expect
B(h ~yy) to be much smaller, and do not include this
mode in our analysis here.

Although not shown, we have calculated B (h ~r r )

also, and find that for both models, this channel is
confined to a narrow band centered around
B (h —+r r ) =0.08; this agrees well with the results ob-
tained in Refs. [29,31]. In Fig. 12 we show B (h ~cc ) for
both models. For the Aipped case, there is a large range
of values [0.0001 KB(h ~cc) +0.06], with a noticeable

dip in the range 80 GeV ~ mh & 100 GeV corresponding
to the deviation from the SM couplings. For the minimal
SU(5) case, B (h —+cc ) -0.06. The latter result is
predominantly due to the fact that in the minimal case
sin(a —/3) =1 and therefore the h-c-c coupling
(ce cosa/sinP) goes to the SM HsM-c-c coupling, for vir-
tually all points.

Detectability of the h Higgs boson requires the com-
bination of production and experimentally important de-
cay modes, as well as a detailed treatment of the back-
grounds and overall e%ciency. From our previous dis-
cussion of h production and decay, it is clear that the
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sin what follows we adapt the results of Ref. [26] for the SM Higgs boson to the h Higgs boson for m„& 80 GeV.
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O'+8', qqy, and 8'ev, backgrounds are dominant.
Considering the SM analysis first, Ref. [26] finds that forI =80 GeV, the efficiency (e) is —21%%uo for the dom-

SM

inant e+e ~HSMZ*(HSM +bb )vv —channel. This
corresponds to

fraction of h Higgs events compared to the SM wi11 be

RI, =—sin (a —P)f, (4.1)

where

f—:8 (h ~X)l8 (HsM ~X),
HsM ~vvHsM )++{HsM ~bb )eeisR

and X is a specific Higgs final state. As for the back-
grounds, the various SM e+e —+ZZ, 8'+O', Ze+e
8'ev„and qqy modes apply to a different degree depend-
ing on the particular production channel. For the
(h ~jj)vv final states we consider here (j =jet), the ZZ,

=(0.145) X(500)X(0.85) X(0.21)X(0.91)=12

(4.2)

expected events (e,sR accounts for the initial state radia-
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tion effects at mH =80 GeV) with a background of four

events, leading to a signal/background of =3. For
I& ~80 GeV, both the signal and efIiciency decrease

SM

further. Thus, mH ——80 GeV has until recently been
SM

considered the limit of detectability for the SM Higgs.
Turning now to the supersymmetric Higgs analysis, for

m& &80 GeV, we find that Rh ~0.7 for both models,
where

f=B( h ~bb +cc +gg ) /B sM .

Thus, additional integrated luminosity would be needed
in order to probe up to m& ——80 GeV from two-jet recon-
struction oA' the Z via hZ* production. Despite the de-
gradation of the favored two-jet signal, for mh ~ 80
GeV detection via recoil against I+I pairs or two-jets
may still be possible through the e +e ~hZ
~(h ~X)l I, (h ~X)jj channels, where X is invisible.
Overall, a detailed Monte Carlo study would be needed to
determine the experimental mass limits for Higgs boson
decaying invisibly.

The analysis summarized in Ref. [32] has demonstrated
that with b-quark tagging from HsM +bb (—and for
&s =190 GeV), a 90 GeV SM Higgs boson should be
detectable above background with X =300 pb ' luminos-
ity at the 5o level [22]. This extends the experimental
Higgs boson reach at LEP even further, through the pre-
viously troublesome region where mH —Mz. For

SM

higher beam energies, the Higgs mass reach is expected
to be (/s —100 GeV. If the beam energy could be pushed
up to the magnet limit of v's =240 GeV, a value of
MH ——140 GeV could, in principle, be explored; howev-

SM

er, a reach of mH ~100 GeV is more realistic for the
SM

near future, corresponding to +s =200 GeV.
For mi, ) 80 GeV, we define f—=B (h ~bb)/BsM since

b tagging is the only source of the signal. For both mod-
els we find the value of R& can be as small as -0.60 for
the experimenta11y accessible region rn& ~ 100 GeV. In
this case, the irreducible background is certain to obscure
the 50—80%%uo reduction in signal in a b-tagging analysis.

Thus, we conclude that for the minimal SU(5) model
and for p & 0, the h Higgs will most likely be seen at LEP
II since mz ~83 GeV and R& ~0.7. For p&0 in the
minimal model and for both signs of p in the Aipped
model, the h Higgs boson could escape detection at LEP
II if 80 GeV ~ mz ~ 100 GeV and Rz is not big enough,
i.e., when the nonstandard hZZ coupling along with the
reduction of B(h ubb) due to h ~Xiii is significant,
and/or if the t, is very light, and h ~gg would
overwhelm all other channels. It is, of course, possible
that for this small set of points (&1%), the associated
Higgs boson production processes e+e ~h 3 —+bbbb
and bb~+~ may open up and allow for Higgs boson
detection [32]. We must conclude that in the fiipped

We exclude from the discussion the very few points for p (0
in the minimal SU(5) model where B (h ~gg) =0.9 and the f ra-
tio drops to values as low as 0.25.

model that we have considered here, it is possible (but un-
likely) that nature could conspire to fall within the so-
called "tie" region in the (tanP, m ~ ) plane where neither
process could be seen at LEP II. In this unlikely event,
the h (and/or the A Higgs) could conceivably escape
detection. (For the minimal model m„))Mz and the
"tie" region is avoided entirely. ) For the fiipped model
(and for light m„- ml, ) in the mass region mh ) 80 GeV,
the only possible hope would be looking for the h at a 500
GeV e+e machine or at the SCC and/or LHC [18,33].

The present lower bound for the h Higgs is m& &43
GeV [34]. This limit is regarded as model independent,
valid for I &1 TeV, and assumes SM final-state prod-

q
ucts. In the models we consider here, we have shown
that the h —+y&y& mode should also be considered for
some regions of parameter space. One can see, however,
from Fig. 9 that for mh ~43 Gev the h y/y) mode is
relatively unimportant. Even for mh ~ 60 GeV, the non-
standard reduction of B(hubb, cc,gg) is less than
=15%, and we expect a drop in the upper limit to m&

compared to mH of only —1 GeV. Coupled with the

very SM-like h production (see Fig. 8) for mh &60 GeV,
and R& 0.85, we find that the mH & 60 GeV limit also

SM

applies to the h Higgs of both the minimal and Ripped
SU(5) models. For a more detailed discussion of h Higgs
mass limits at LEP I in the two models we consider here,
see Ref. [11].

V. DISCUSSION AND CONCLUSION

In this paper we have studied the most promising sig-
nals for supersymmetry at LEP II in the context of two
well motivated supergravity models: (i) the minimal
SU(5) supergravity model including the stringent con-
straints from proton stability and a not too young
universe, and (ii) a recently proposed string-inspired no-
scale Qipped SU(5) supergravity model. These signals in-
volve the neutralino chargino, slepton, and Higgs sectors.
Because of the study of specijic models, we are led to
modifications in the standard assumptions regarding
sparticle and Higgs boson decay. In the first sector we
computed the number of "mixed" (1 lepton + 2 jets + P)
events occurring in the decay of pair-produced charginos
(X& ) and found that the predictions for both models
should lead to detection (with X=100 pb ') up to the
kinematical limit (m + & 100 GeV). Moreover, these pre-

XJ

dictions do not overlap: the minimal model predictions
being larger than the flipped mode1 ones. This result can
be directly traced to a characteristically light sneutrino
spectrum in the fiipped case (m =0.3m ). This implies
that if m + & 100 GeV then LEP II should be able to ex-

X]
elude at least one of the two models. In fact, in the
minimal SU(5) model m + & 104 (92) GeV for p) 0

X]

(@&0),assuming m & 1 TeV, while in the Qipped case
g, g

m + & 285 GeV (p )0,p & 0) and the mixed chargino sig-
X$

nature can be suppressed. Consequently, it is possible to
explore nearly all of the allowed parameter space for the
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minimal SU(5) model but only ~ 20% of the fiipped mod-
el.

We found significant chargino-dilepton even rates (per
X=500 pb ' for m + ) 100 GeV) in the fiipped model,

XI

and a negligible signal in the minimal model. The ques-
tion of backgrounds to this process remains open. The
magnitude of the experimental efficiency cut for this
dilepton signal is not known at present. In the models we
consider, the relations among the neutralino and chargi-
no masses m + =m p=2m p (see Table I) imply that the

XI XI XI

e e ~y yz process could, in principle, explore in-
directly chargino masses up to —130 GeV.

The slepton sector could be kinematically accessible at
LEP II only in the fiipped SU(5) model. We studied

+ — -+-— —+-— -4- -+~eL, eI. +ex ez +eL. ez

and obtained significant numbers of dielectron events
which may allow exploration of the full kinematical
range with X=500 pb '. Smuon and stau production
are suppressed but may be observable as well. Correlat-
ing the slepton and chargino sectors we observed that
slepton-dileptons could probe indirectly chargino masses
as high as —150 GeV, and thus —50%%uo of the allowed pa-
rameter space. This is especially important for this (the
fiipped) model since a significant number of points in pa-
rameter space for m + & 100 GeV yield negligible mixed

XJ

chargino event signatures. We also discussed the impact

of chargino-dileptons on the slepton-dileptons and the
possibilities for experimental discrimination of these sig-
nals. For an analysis of the total dilepton signal from all
supersymmetric sources in these models see Ref. [35].

In the Higgs sector we found that the cross section
e e —+Z'h deviates negligibly from the SM result in
the minimal model, whereas it can be as much as —,

' lower
in the flipped model. Also, the usually neglected invisible
model h —+ylgI can erode the preferred hubb, cc,gg
(h +bb—) for mh 5 80 GeV (ml, ) 80 GeV) by as much as
30% (15%%uo) [40% (40%%uo)] in the minimal (fiipped) model.
The h —+gg mode is usually below =0.2 although there
are exceptional points in the minimal model where it can
be much larger, because of a very light t, .

We have recently shown [11] that the current experi-
mental lower bound on the SM Higgs-boson mass
(mH )60 GeV) applies as well to both supergravity

SM

models considered here and is therefore more stringent
than the supposedly model-independent experimental
lower bound mI, &43 GeV. In this connection, we have
found it useful to relate the results obtained in the chargi-
no sector {as shown in Fig. 3) with those obtained in the
Higgs sector by plotting the number of mixed events in
chargino pair production versus the Higgs-boson mass;
this is shown in Fig. 13. With this plot it is straightfor-
ward to determine which points of interest in the chargi-
no sector become excluded by an increasing lower bound
on the Higgs-boson mass. In particular, all points for

TABLE I Comparison of the most important features describing the minimal SU(5) supergravity model and the no-scale fliPPed
SU(5) supergravity model.

Minimal SU(5) supergravity model

Not easily string derivable, no known
examples

Symmetry breaking to the standard model due
to the vacuum expectation value (VEV) of 24 and
independent of supersymmetry breaking

No simple mechanism for doublet-triplet
splitting

No-scale supergravity excluded
m, m &1 TeV by ad hoc choice: naturalness
Parameters 5: m I ~2, m p, A, tanP, m,
Proton decay: d =5 large, strong constraints needed
Dark matter: A~ho &&1 for most of the

parameter space, strong constraints needed
1 &tanP53. 5, m, (180 GeV, g'p) 6
m «400 GeV
m- & my& 2m-

2m o-m o-m ~-0.3m 100 GeV
XI X2 XI

m, -m, -m g —
~p~

X3 X4 X2

60 GeV &mz «100 GeV

No-scale flipped SU(5) supergravity model

Easily string derivable, several known
examples

Symmetry breaking to standard model due
to VEV's of 10, 10 and tied to onset of supersymmetry
breaking

Natural doublet-triplet splitting mechanism

No-scale supergravity by construction
m, m & 1 TeV by no-scale mechanism

g
Parameters 3: m, zz, tanP, m,
Proton decay: d=5 very small
Dark matter: A~ho «0.25, ok with cosmology

and big enough for dark matter problem
2 tanP5 32, m, (190 GeV, gp=0
m- «1 TeV, m =m

g g

m& =m, =0.3m «300 GeV

mt =0.18m- «200 GeV

2m -m =m +-0.3m- «285 GeVx'
1 2 1

m p m p m + ~p~
X3 X4 X2

60 GeV & mz ~ 135 GeV

No analogue Strict no-scale: tanP = tanP{ m, m, )gP

m, «135 GeV p & 0, mz «100 GeV
m, ~140 GeV p&0, mz &100 GeV

Cosmic baryon asymmetry' Cosmic baryon asymmetry explained [36]
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FIG. 13. The number of
mixed chargino events as shown
in Fig. 3 but versus the lightest
Higgs-boson mass instead. All

points with mz (60 GeV are ac-
tually experimentally excluded.

mh &60 GeV are actually experimentally excluded. At
LEP II, if no Higgs events are seen for mh (80 GeV, Fig.
13 shows that in the minimal model ) 125(l +2j+/)
events are expected. This would allow to unambiguously
test these models. In fact, the number of mixed chargino
events seen is predicted to be di6'erent in the two models
for the same Higgs-boson mass limit.

We conclude that the charged slepton sector is a
deeper probe than the chargino, neutralino, or Higgs sec-
tors of the Ilipped SU(5) model at LEP II, while the oppo-
site is true for the minimal SU(5) model where the slepton
sector is no probe at all. The interconnections among the
various sectors of the models should make them easily
falsifiable, or, if verified experimentally, hard to dismiss
as coincidences thus providing firm evidence for the un-
derlying structure of these models.
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