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Abstract. Currently popular search strategies for supersymmetric particles may be significantly affected
due to relatively light sneutrinos which decay dominantly into invisible channels. In certain cases the second
lightest neutralino may also decay invisibly leading to two extra carriers of missing energy (in addition to
the lightest supersymmetric particle (LSP) ) — the virtual LSPs (VLSPs). A tree lavel calculation shows
that if the sneutrino mass happens to be in the small but experimentally allowed range (m; =~ 45-55
GeV), these particles together with neutralino pairs may contribute significantly to the missing energy
in the process ete”™ — ~+ F at LEP-2 energies as an enhancement over the Standard Model or the
conventional MSSM predictions. It is further shown that a much larger region of the parameter space can
be scanned at a high luminosity e™e™ collider at 500 GeV like the proposed NLC machine. Moreover, at
both LEP-2 and NLC this process may play a complementary role to direct chargino searches, which may
fail due to a near mass degeneracy of the chargino and the sneutrino. Formulae for the cross sections taking
into account full mixings of the charginos and the neutralinos are derived. The signal remains observable
even in the context of more restricted models based on N=1 SUGRA with common scalar and gaugino
masses. A preliminary study of the QED radiative corrections due to soft multiple photon emission as
well as hard collinear bremsstrahlung indicates that these corrections play a crucial role in estimating the

background.

1 Introduction

It is well known that supersymmetry (SUSY) [1] is an
attractive alternative to the Standard Model (SM) since
it offers an elegant solution of the notorious naturalness
problem, provided the masses of the superpartners are of
the order of 1 TeV or less. The search for SUSY at the TeV
scale is, therefore, a high-priority programme of current
high energy physics. Extensive searches for SUSY at the
present high energy accelerators including the Fermilab
Tevatron and LEP-1 and LEP-1.5 have yielded negative
results and have eliminated certain regions of the parame-
ter space of the Minimal Supersymmetric extension of the
Standard Model (MSSM)[1].

However, there are small but interesting regions of the
parameter space, which are allowed by all experimental
data, where the signatures of SUSY can be significantly
different from the conventional ones considered in most
cases. As an example, let us note that in most cases the
search strategies for R-parity conserving SUSY particles
are based on the assumption that there is a single, sta-
ble, weakly-interacting neutral superparticle, the so-called
lightest supersymmetric particle(LSP). This particle, if
produced, easily escapes detection and carries missing en-
ergy (F). Moreover, as a result of R-parity conservation,
all other superparticles decay into the LSP either directly
or through cascades. Thus any sparticle production is ac-

companied by F, traditionally regarded as the most pow-
erful weapon in the arsenal of SUSY hunters, carried by
the LSP alone.

It has been emphasised in recent literature [2,3] that
in some interesting regions of the parameter space of the
MSSM (with R-parity conservation) there could be other
carriers of missing energy in addition to the LSP, due to
sparticles which decay dominantly into invisible modes.
In such a scenario the signals of sparticle production can
be considerably different from the conventional ones. This
happens in the following scenario.

The MSSM contains four spin—é neutral electroweak
gauginos. These particles are the superpartners of the pho-
ton, the Z-boson and the two neutral C' P-even Higgs bo-
sons. Linear combinations of these four states, the four

neutral gauginos or neutralinos (V;, i=1,4), are the phys-
ical states. In the currently favoured models, the lightest
neutralino(Np) is assumed to be the LSP [1]. Similarly,
linear combinations of the superpartners of the W-boson
and the charged Higgs boson give two physical charged
gauginos or charginos.

The usual assumption that the MSSM is embedded
into some Grand Unified Theory (GUT) immediately im-
plies, irrespective of the choice of any particular gauge
group for the GUT, that the masses and the couplings of
charginos and neutralinos depend only on three indepen-
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dent parameters. Usually these are taken as u,tan 8 and
the gluino mass my.

If no further assumption is made then the masses of the
sfermions are totally independent of the gaugino-masses
(we shall discuss below more restricted models with ad-
ditional theoretical assumptions). Thus the sneutrinos (7,
the superpartners of the neutrinos), though heavier than
the LSP, could very well be lighter than the lighter chargi-
no (i), the second lightest neutralino (Ny) and other su-
perparticles. As a consequence, the invisible two-body de-
cay mode 7 — v N7 opens up and completely dominates
over the others, being the only kinematically-allowed two-
body decay channel for the sneutrinos. The other neces-
sary condition for this scheme to work is that the /N has
a substantial zino (superpartner of the Z-boson) compo-
nent. This, however, is almost always the case as long as
the gluino (g, the superpartner of the gluon) has a mass
(mg) in the range interesting for the SUSY searches at

the Tevatron [4]. Moreover, in such cases the Ny — which
also has a dominant zino component — decays primarily
through the process No — vw. This, however, also re-
quires the left and the right handed sleptons(l;, and [g,
the superpartners of leptons) to be heavier than Ny. These
two particles (N2 and 7), decaying primarily into invisi-
ble channels, may act as additional sources of £ and can
significantly affect the strategies for SUSY searches [2,3].
They are, therefore, called virtual or effective LSPs (VL-
SPs or ELSPs) [2,7] in the context of SUSY searches.
Some consequences of the VLSP scenario (as opposed
to the conventional MSSM where the LSP is the only
source of missing F') in the context of SUSY search at both
hadron and e™ e~ colliders have already been discussed in
the literature [2,3,5-7]. Here we wish to reiterate that for
LEP experiments beyond the Z-pole the predictions of the
VLSP scenario are significantly different from the conven-
tional ones. For example, experiments at LEP-1.5 [8] have
recently reported some improved bounds on the chargino-
neutralino sector. These bounds are derived from the pro-
cesses (a) efe™ — NiNp and (b) ete™ — X{X], as-
suming that )ZI‘L and Ny primarily decay into 3-body chan-
nels as predicted by the conventional MSSM. In the VLSP
scenario, however, the final state of process (a) is invisi-
ble. Thus the improved bounds on the neutralino sector
from LEP-1.5 are not applicable in this scenario. Similarly
in the presence of light -s, )Zli primarily decays (with
branching ratio ~1) into the hadronically quiet channel
I [2,5,7]. Thus the bounds on the chargino sector de-
rived from the absence of events containing acoplanar jets
and leptons and missing energy may have to be revised
in this scenario. It will be interesting to use the absence
of two acoplanar leptons in the above experiments to con-
strain the (M;li — my) mass plane in the VLSP scenario.

In principle the constraints on mgs, can also constrain m;
for given tanf (see Sect. 2, 2nd paragraph). The published
limits are, however, are not very stringent at this moment
[8]. However the constraints thus obtained will depend on

M;i - my and can be completely evaded if 7 and )ﬁ[ are
1
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nearly degenerate so that the leptons in the final state are
soft and unobservable.

Of course in some channels the signal may turn out to
be identical in both scenarios. The slepton pair production
is a case in point. The dominant decay mode of the slep-
tons is likely to be [ + Ny even in the presence of VLSPs.
SUSY may very well be discovered through such a chan-
nel. Still it is therefore important to identify signals which
can distinguish the VLSP scenario from the conventional
MSSM.

In this paper we consider one such process eTe™ —
v +nothing( £) at the tree level. This was already dis-
cussed in a previous letter [6] in the context of LEP-2
only. Here we shall discuss the signal both at LEP-2 and
at other future ete™ colliders at higher energies. In the SM
only vv pairs contribute to the final state. In the conven-
tional MSSM both vv and N;N; pairs contribute to this
final state. With VLSPs, hglvg\ier, there will be additional
contributions from vv and N;N; (i,j = 1,2) which tend to
increase the cross section quite significantly. In [6] it was
found that a significant enhancement of the cross section
over the prediction of the SM occurs at LEP-2 in a reason-
able region of the MSSM parameter space (see Sect. 2 for
further details) already constrained by the experimental
data (most notably from LEP-1 [9]). Moreover, the bulk
of the extra contribution comes from 77 pairs. Thus, such
a signal, if detected, can be distinguished not only from
the SM but also from the conventional MSSM without
VLSPs. An additional attractive feature of this channel is
that it may lead to a visible signal even if the charginos
and the sneutrinos are almost mass degenerate.

In this work we have elaborated the results of [6] with
further details. The scan over the LEP-1 allowed param-
eter space is now more complete. This, however, does not
alter the results of [6] qualitatively, although some quan-
titative changes are noted. As in [6] we have found that
at LEP-2 the statistical significance of the signal is rather
modest. For optimistic choices of SUSY parameters(most
notably for relatively low sneutrino and gluino masses,
mp= 45—60 GeV, mg ~ 200GeV), the tree level cross
sections yield signals with statistical significance > 3o
(numerical details are given in the next section).

The tree level cross sections for the process ete™ —
v+ nothing(E) have been discussed extensively in the lit-
erature. We have done a complete calculation in the VLSP
scenario without using the simplifying assumptions used
in earlier works. In [6] we presented some of the numerical
results. But the formulae for the cross sections, which are
quite cumbersome, could not be presented in a brief let-
ter. A major result of this paper is the detailed formulae
presented in a compact form.

First we have calculated the full cross section for the
purely SM process et e~ — yvi. In many of the earlier
works [10], appropriate for LEP-1, the contribution of the
W-exchange diagrams was computed in the limit of four-
fermion contact interaction. We have recalculated it with
the full W-propagator. We have also taken the widths of
W and Z into account. Our results agree completely with
those of [10] after taking the appropriate limits. In [11] this
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cross section was also computed without any approxima-
tion. However, the published results include several mis-
prints (see, for example, (3) which contains several terms
which are dimensionally incorrect). This makes compari-
son rather difficult. Further comments on this discrepancy
will be made in Sect. 2. This cross section was also com-
puted in [12] by neglecting the widths but keeping the
full W-propagator. Their analytical formulae agree com-
pletely with ours in the appropriate limit. Moreover, a
comparison of the numerical results shows that effects of
the widths are indeed negligible, at least for the energy
ranges considered in this paper.

The most important contribution to this process in
the VLSP scenario comes from ete™ — ~oi. Only the
amplitudes of the relevant Feynman diagrams are given
in, for example, [13] in the limit when the chargino is
purely a wino (superpartner of the W-boson). We have
computed the full cross section taking into account the
chargino-mixing matrix. Our numerical results agree with
those of [13] in the appropriate limit. In a more recent pa-
per [14] this cross section has been computed by assuming
the charginos to be very massive. In this limit we agree
with the main features of their results.

We have also computed the cross section for the pro-
cess ete”™ — yN;N;, (i,j = 1,2) taking the 4 x 4 neu-
tralino mass matrix into account. This cross section with
only LSP-pairs (i = j = 1) in the final state is also rel-
evant for the conventional MSSM and was computed in
[15] in the limit when the N; is a pure photino with-
out any mixing. In this approximation the s-channel Z-
exchange diagrams are absent which reduces the number
of diagrams and interferences between them. Our numer-
ical results agree, in the appropriate limit, with the those
of [15]. In a recent paper [16] the calculation for a mixed
LSP has been done using the structure function approach
[17]. One of the conclusions of [6], viz. LSP pairs alone can-
not give a signal with acceptable statistical significance, is
supported by [16]. The general formulae presented in this

paper also include the contributions of N1 Ny and NoNs
pairs.

In Appendix-A we present analytical formulae for all
the matrix elements squared.

Using these results we have also computed the cross
sections at et e™ colliders at higher energies after intro-
ducing kinematical cuts to reduce the SM backgrounds.
Many of these machines are likely to be of very high lumi-
nosities [18]. As a consequence of this, signals of very high
statistical significance ( > 50) can be obtained at CM en-
ergies ~350 and 500 GeV which are attainable at the pro-
posed Next Linear Collider(NLC). Special care, however,
should be taken to reduce the background from radiative
Bhabha scattering where both the final state charged par-
ticles are lost in the beam pipe [14]. This will be discussed
in further details in Sect. 3.

The VLSP scenario, which is certainly consistent with
all available experimental results on SUSY searches, can
also be accommodated in the more constrained and theo-
retically motivated models based on N = 1 Supergravity
with common scalar and gaugino masses at a high scale
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[19]. In this scenario the sneutrino and the gaugino masses
are not completely independent, but get related through
the renormalisation group (RG) equations. It was shown
in [7] that the VLSP scenario can be accommodated even
in this highly constrained scenario. In this paper we have
found that the signal at LEP-2 is reasonable for certain
regions of the parameter space given in [7], while at NLC,
signals with high statistical significance can still be ob-
tained.

It may be noted at this point that in [6] only the low-
est order cross section was considered. In this paper we
have included the effects of soft multiphoton emission and
hard collinear bremsstrahlung on the cross section. These
effects can be studied by using, e.g., the structure func-
tion approach of [17]. Our preliminary analysis indicates
that the impact of these corrections on the background
is nontrivial and further studies including all QED and
electroweak corrections are called for.

The plan of the paper is as follows. In Sect. 2 we
consider the signal at 1/s=190 GeV corresponding to the
LEP-2 energies and briefly comment on the possibilities
at LEP-1.5. In Sect. 3 the same discussion is carried out
for high luminosity e*e™ colliders operating at higher en-
ergies. In Sect. 4 the signal is discussed in the context
of highly constrained models based on N = 1 SUGRA.
Section 5 discusses briefly the effects of certain QED cor-
rections on the signal. Our conclusions are summarised in
Sect. 6. The relevant formulae for the cross sections are
given in the Appendix.

2 The signal at LEP-2 energies

In our calculations we use the usual assumption of a com-
mon gaugino mass at the GUT scale which relates the
U(1) gaugino mass M; with the SU(2) gaugino mass Mo
[1]. With this assumption Mas, the higgsino mass param-
eter p and tan § determine the masses and the couplings
of the charginos and neutralinos completely. In some of
our figures we have used 3My as the variable instead of
Ms;. The advantage is that this is approximately equal
to the running gluino mass (through the above assump-
tion of unification) which can be directly related to the
constraints obtained from the Tevatron [4]. We, however,
emphasise that this equality is only approximate and the
factor 3 may change, though not drastically, with the en-
ergy scale. Nevertheless we shall denote in the following
3My; by the gluino mass ( mg ) for the sake of simplicity.

In addition we have assumed the SU(2) breaking rela-
tion:

my, = \/mg + cos20w Dy

where 24

tan“f — 1

Dy = M}

7 Z tan2B + 1
and my is treated as a free parameter and three degenerate
sneutrinos are assumed. For the right handed sleptons we
have made the popular assumption mi, & mg, although
deviations from this approximation may naturally occur
in some models.
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Fig. 1. The region in the mz — mj plane compatible with the
VLSP scenario with tanf =10 for a 4 = —250 and b 250 GeV
(see Sect. 2 for further explanations). We have used mg ~ 3M>
(see Sect. 2, paragraph 1)

In the VLSP scenario the following constraints must
be satisfied [7]:

my < Mﬁz < my ,mp,

mp < M;li < ml~L

In Figs. 1a and 1b we present the regions in the (mg —
my) mass plane ( where the precise definition of the pa-
rameter my is given in the first paragraph) compatible
with the above inequalities for 4 = —250 (Fig. 1la) or
+250 (Fig. 1b) GeV, tan8=10, 150 GeV < myz < 800 GeV
and mg, = mg,. In each figure the entire bounded area
corresponds to the region of the parameter space where
U-s behave like VLSP-s. Corresponding to each mg, this
happens for a range of mg. The lower limit of this range
comes from the condition my; < M ﬁz’M;f while the up-

per limit comes from M ~ < mg. If the additional con-

dition M~ < Mg, ,Mey 1S satlsﬁed then N2 also decays
invisibly. ThlS happens in the shaded region of the figures.
The area of this region, however, is crucially dependent on
the choice mg, ~ mg,. If meg, is reduced, the shaded ar-
eas may shrink further. From Figs. 1a and 1b it is also
apparent that the allowed region is almost independent of
the choice of y unless p is very small. Small values of
are, however, disfavoured by data from LEP-1.

As discussed in the introduction, the processes (A)
ete™ — vy, (B) ete™ — Ny Njy and (C) ete”
N1 Novy contribute to the signal at /s = 190 GeV. At

—

Fig. 2. a Energy distribution of the photon at /s =190 GeV,
with E, > 5 GeV and 5° < 0, < 175°. b Angular distribution
of the photon at /s =190 GeV with 5< E, <60 GeV and
5° < 60, <175 °. The convention for different lines and SUSY
parameters chosen are explained in Sect. 2

this energy the contribution of eTe™ — Ny Ny« is indeed
negligible. We have scanned over the entire LEP-1 allowed
parameter space compatible with the VLSP scenario and
have computed the cross sections from the processes A
and B. In this section we shall restrict ourselves to tree
level cross sections only. If, for a particular choice of the
parameters, Ny is also a VLSP (the shaded region in Figs.
la and 1b) then the contribution from the process C is
also taken into account.

We show in Fig. 2a the energy distribution of the pho-
ton for processes A (the solid line) and B(the dashed line).
Photons in the forward direction (those emitted within an
angle of 5° with the beam axis) are not considered. There
is a mild cut E, > 5 GeV which in conjunction with
the strong angular cuts(discussed below) removes other
backgrounds including the ones from radiative Bhabha
scattering with the final state e™e™ pair going down the
beam pipe. This cut also takes into account the detector
threshold. The SUSY parameters used are my; = 50 GeV,
Me, = Mey,, Mg = 200 GeV, p = —200 GeV and tanf=
5.

The main SM background comes from the process (D)
ete™ — viry. The corresponding distribution (the dot-
ted line) for this background is also shown in Fig. 2a. As
has already been discussed in [6], this distribution has a
peak at about (s — M2)/2,/s corresponding to the decay
of a real Z into v, as expected. Thus an upper cut of
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Table 1. The comparison of the response of the signal to two
sets of cuts A[6] and B[15] at /s=190 GeV where Cut A =
5< B, <60 GeV, 40° < v < 140°; Cut B = 6.175< E., <47.5
GeV, 18° < 0y <162°, pr, >6.175 GeV. Other fixed values
of the SUSY parameters used are (u, mg, tan3)=(—300 GeV,
200 GeV, 10) and me, = me,. The SM background with Cut
A(B) is 0.45(0.51)pb. All masses are in GeV and cross-sections
are in picobarns. The statistical significance ¢ is computed for
an integrated luminosity(£) of 500 pb~*

mp Cut O 0N, N,y O, Ny Total o= 73
45 A 103 .027 .018 148 4.9
B 117 .031 .022 170 5.3
55 A 077 .025 .016 118 3.9
B .087 .029 .019 .135 4.2
65 A .048 .023 .015 .086 2.8
B .053 .026 .017 .096 3.0

E, <60 GeV optimises 0 = \/SB where S is the number of

signal events and B is the number of background events.

In Fig. 2b we present the angular distribution of the
signal (for the above SUSY parameters) and the back-
ground following the conventions of Fig. 2a. The distri-
butions have similar characteristics. Thus angular cuts
cannot further improve the quality of the signal. An ir-
reducible background therefore remains.

Since we are not in a position to carry out detector sim-
ulations, we have introduced cuts in such a way that only
signal collected in the central part of the detector is consid-
ered. This, in our opinion, gives a conservative assessment
of the prospect of discovering the signal. We impose an an-
gular cut 40° < 6, < 140°, where 0, is the angle between
the photon and the direction of the positron. This cut
corresponds to the high pr photons collected in the cen-
tral part of the detector where photon detection efficiency
is expected to be large (=~ 1). We have also studied the
effects of a cut allowing for more angular coverage along-
with an explicit strong cut on the py of the photon to
remove the Bhabha background. These cuts, introduced
in a recent paper [16], are given by 18° < 6, < 162°,
6.175 < E, < 47.5 GeV and pr, > 6.175 GeV. Now the
photons detected in the endcap region of the detector also
contribute and it is assumed that their detection efficiency
is still large (= 1). We compare the response of the signal
for the two sets of cuts in Table 1 and find that they give
very similar results. Using our cuts the background is 0.45
pb while for the cuts of [16] it is 0.51 pb.

It is to be noted that the second number is consider-
ably smaller than the result quoted in [16] (= 0.87 pb).
Since the background estimate is crucially important for
assessing the observability of our signal, which is rather
modest, we have looked into this discrepancy in further
details.

The difference stems from the fact that in [16] the cross
section was computed by using the formulae of [11]. As
mentioned in the introduction, there are several terms in
the matrix element of [11] (see (3)) which are dimension-
ally incorrect. These terms, however, correspond to the
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Fig. 3. The total cross section (SM+VLSP) as a function of
my at /s =190 GeV. The band within the solid lines corre-
spond to the SM+oi + N} N} cross section and is obtained by
varying mg, ¢ and tanf over the LEP-1 allowed region. The
band within the dashed lines is obtained by taking additional
contributions from ﬁlﬁg pairs into account. The horizontal
dotted lines correspond to the SM background and its fluctu-
ations (see Sect. 2)

diagram 5 of Fig. 11 of our paper. The amplitude in this
case is suppressed by two W-propagators and is numeri-
cally small. There are, however, other important disagree-
ments. Our result for the interference of the two t-channel
diagrams [(3) and (4) of Fig. 11] does not agree with (3) of
[11]. We have checked that this contribution is numerically
quite significant.

For numerical computations, however, (7) of [11], which
is obtained from (2) and (3) after dropping the above di-
mensionally incorrect terms, was recommended. We have
convinced ourselves that (7) still contains the discrepancy
regarding the interference terms as discussed in the last
paragraph. In the last paper of [17], which uses the ma-
trix element of [11], the W and W — Z interference con-
tributions were plotted separately (see Fig. 4b). We have
checked that this plot can be easily reproduced from (3) of
[11] which is controversial. As a result, the disagreement
between the above figure and our result is considerable.
On the other hand the pure Z exchange contributions as
obtained in [17] (see Fig. 4a) and [11] completely agree
with ours. In order to improve the signal to background
ratio we have imposed cuts as discussed above. The main
purpose of these cuts is to reduce the Z contribution to
the background. After these cuts the relative weights of
the W and W — Z interference terms in the background
cross section increases. This is responsible for the signif-
icant disagreement between the background estimates of
[16] and ours.

We, however, prefer to use the numbers derived from
our formulae which agree algebraically with those of [12]
in the limit I'yyy=0. Moreover, the numerical changes due
to I'y # 0 are negligible.

In Fig. 3 we present the cross section as a function of
my for mg, = me, with our conservative cuts. Through-
out this section we shall take the integrated luminosity
L =500 pb~1.

The strongest limit on the sneutrino mass my >43.6
GeV comes from the width of Z for invisibly decaying
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sneutrinos. We have however taken m; >45 GeV. In this
case only the LSPs contribute to the invisible width. We
have not scanned the narrow region 43.6< m; <45 GeV.
But it is unlikely that this will affect our conclusions seri-
ously. The points in the mz — p — tanf parameter space
are now chosen for each m; by considering the constraints
from LEP-1. We remind the reader that we use mz =~
3M> for reasons discussed at the beginning of this sec-
tion. The most important ones are M;li >46 GeV, I'(Z —

N;N;) <84 MeV, Br(Z — N;N;) ~a few times 107°,
I'(Z — nonstandard particles)j23.1 MeV. Out of the al-
lowed range we have chosen 200< mgz <400, —500< p <
500, 2< tanf <30. This scanning of the parameter space
is more comprehensive than the one carried out in [6].
The choice mz >200 GeV is guided by the limits on
mg from direct searches at the Tevatron. Unfortunately
this limit depends on the squark mass(mg). We note that
mg < 212 GeV is ruled out from SUSY searches at Teva-
tron for mg ~ my [4]. For mg >> mg, the limit is mg >144
GeV. Strictly speaking these limits pertain to the pole
mass of the gluino. However for m; ~ mg, the running
gluino mass ( the parameter more directly related to the
chargino - neutralino sector through the assumption of
unification ) is equal to the pole mass to a very good ap-
proximation [22]. For mg >> my, the difference between
the above two masses is significant. In fact it turns out that
in this case the above limit on my translates into a much
relaxed bound on the running gluino mass. Moreover these
limits may reduce substantially in the VLSP scenario [23].
Since the squark mass is not otherwise an important pa-
rameter in this phenomenological analysis, we have not
considered the lower edge of the allowed gluino mass spec-
trum which depends on the specific choice mg >> mg.
We have taken mgz >200 GeV , which, in our opinion, is
a conservative choice. Sometimes, however, we shall take,
mainly for the purpose of illustration, mgz around 150 GeV
which is allowed for heavy squarks. For mgz >400 GeV the
signal falls below the 20 level and becomes uninteresting.
The band within the solid lines in Fig. 3 corresponds
to the combined cross sections o, from the processes A,
B and D, i.e. the scenario in which the v is the only VLSP.
In order to obtain conservative estimates, we have not con-
sidered the possibility that N, may also be a VLSP. This
is because the latter possibility can be evaded by an ap-
propriate choice of mg,. The width of this band is due to
varying mg, ¢ and tan$ within the above ranges and is
a measure of SUSY parameter space consistent with the
VLSP sceanrio for a given m;. Taking into account the
points where N is also a VLSP, for the choice mgs, = ms,,
the signal improves modestly due to the contribution from
process C which is shown by the band enclosed by the
dashed lines. For comparison we also display the cross sec-
tion for the background (process D) which corresponds to
the lowest dotted horizontal line in the figure. The other
two dotted horizontal lines correspond to 3¢ and 5o fluc-
tuations of the background events for an integrated lumi-
nosity of 500 pb~!. From the figure it may be noted that a
50 signal can be obtained for m; <52 GeV for a very small
region of SUSY parameter space. A much larger region of
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Fig. 4. Contour plots in the (ms — mg) plane at /s =190
GeV indicating the regions where >20 (dotted), >30 (dashed)
and >4o0 (solid) signals may be obtained for tan8 = 2,10 and
30 and —500 < p < 500. The shaded region corresponds to
my < M~i < mp + 5 GeV, where the direct chargino decay is

likely to be difficult to detect. We have used mg = 3M> (see
Sect. 2)

parameter space gives events above 3o fluctuation with
mp <66 GeV. In this figure the upper edges of the bands
correspond to mg = 200 GeV and low tanf (2<tang <6).
The cross section is rather insensitive to the variation of p.
For mg = 300 GeV only 30 signals can be obtained for a
limited region of the parameter space while for mz = 400
GeV the signal remains below the 20 level for the entire
region of the parameter space.

However, before drawing a final conclusion on the sta-
tistical significance of the signal higher order corrections
should be taken into account carefully. A preliminary dis-
cussion given in Sect. 5 indicates that they are indeed
nontrivial.

A clearer representation of the regions in the (mg—m;)
plane that can be probed at 1/s=190 GeV is given by the
contour plot in Fig. 4 for three values of tan3=2,10,30.
The points within the solid, dashed and dotted contours
yield signals with statistical significances >4c0, 30 and
20 respectively for suitable choices of p. In addition to
mg >200 GeV, we have also considered the region 150
GeV < myg <200 GeV, since this region is still allowed by
the Tevatron data for heavy squarks. The signal, however,
is not considered for points where the VLSP constraints
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discussed above are not satisfied. The shaded band corre-
sponds to M~i myp < b, where SUSY signals from direct

chargino decays may be difficult to obtain.

Since experiments at LEP-1.5 are in progress, the cross
section at /s =130 GeV is of considerable interest. How-
ever, even for m; =50 GeV and other favourable choices of
the SUSY parameters (¢ = —300, mz =200 and tanf =5)
the cross section happens to be rather disappointing. The
total cross section of the processes A—C is 0.054 pb while
the background is 0.373 pb with the cuts 5 < E, < 20
GeV and 40° < 6, < 140°. Thus for an integrated lu-
minosity of 6 pb~! the statistical significance is certainly
< 30.

From the above results it is clear that the process under
consideration has a rather modest cross section at LEP.
The bulk of the constraints in the chargino-sneutrino sec-
tor in the VLSP scenario is therefore likely to come from
direct chargino searches [7]. Nevertheless this process is
likely to play a complementary role in the regions of the
parameter space where the chargino and the sneutrino are
nearly degenerate and the sneutrino masses are relatively
small. To illustrate this point we consider an example with
i = —350 GeV, tan B = 6 and mgz = 150 GeV. In this
case the charglno mass is b3 GeV. The total signal cross
section for mz = 50 GeV is 0.17 pb which corresponds to
5 0. It can be readily checked that the signal is weaker
for higher mgs, i.e., for larger chargino - sneutrino mass
differences. This reduction for higher m; is essentially due
to propagator supression in process A) and due to kine-
matical effects in processes B) and C) and holds for other
choices of SUSY parameters. Thus in contrast to the di-
rect chargino searches, the regions of the parameter space
where the chargino and the sneutrino are nearly mass de-
generate can be probed via this mode, provided the sneu-
trinos are not too heavy. In Fig. 4 the shaded region cor-
responds to my < M~ < mz+5 GeV, where the chargino

decay is likely to be dlfﬁcult to detect. The statistical sig-
nificance of the signal cannot be judged directly from this
figure for the entire shaded region. This is because we have
not computed the cross sections for mz < 150 GeV, since
this region is either ruled out or marginally allowed by the
Tevatron data depending on the assumption on the squark
mass. The cross sections have also not been computed for
parameters for which the VLSP condition is not satisfied.
However in regions not excluded by these considerations,
the cross section is significant. This is especially so for
relatively large tan (.

3 The signal at NLC

In this section we discuss the signal and the background
for ete™ collisions at NLC for two values of centre of
mass energy viz. 1/$=350 GeV and 1/s=500 GeV.

For /s=350 GeV the energy and angular distributions
of the radiated photon in the signal [process (A) and pro-
cess (B)] and background [process (D)] are shown in Fig.
5a and Fig. 5b respectively. The set of SUSY parame-
ters used are my=80 GeV and mz=350, 1 = —500 and

e~ colliders 381

E T T T
F a
> 3
[ ]
() ]
J
o) E
a 3
£ 1
b 4
© 3
200
: T T T T T T T T B
-1 b ]
2 1x10 g E
o E A
a Lo ]
-2 .
o X0 . 4
B :
NEFIR J
b MVE
o Eoe 7
I |
1x10 3 |
1

210 40 6lO éO I(I)O 1%0 11100 1éO
©y in GeV

Fig. 5. a Energy distribution of the photon at /s =350 GeV,

with E, >5 GeV and 5° < 0, < 175°. b Angular distribution

for the photon at /s =350 GeV with 15 < E, < 150 and

5° < 0, < 175°. The convention for different lines and SUSY

parameters chosen are explained in Sect. 3

tan=>5. The conventions for different curves are the same
as those in Figs. 2a and 2b. The energy distribution (Fig.
5a) of the background has a peak at about 1/s/2 which is
the beam energy. Thus an upper cut of £, <150 GeV is
set.

A lower cut on the photon energy is set from naive
kinematics of the background due to radiative Bhabha
scattering which requires special care [14]. We have de-
vised our cuts against this background assuming that ete™
scattered within a cone of 10° with respect to the beam
axis may remain undetected. From kinematics we find that
in this situation the photons are restricted by the fol-
lowing criteria: £, < 65 GeV, pr, < 52 GeV. We have
also checked that either of the above cuts reduces the
Bhabha background completely. From the E, distribu-
tion (Fig. 5a) it is also clear that a strong lower cut of
E, > 65 GeV reduces both the signal and the vv back-
ground from the process (D), but does not affect the
o= B ratio drastically. The anticipated high luminosity

(L ~1033em=2sec™! ~ 3 x 10*pb~! over a year ) [18] en-
sures that a respectable number of events is obtained in
spite of this reduction due to stiff cuts.

Another set of cuts, subjected to a rather strong as-
sumption about the detectors, was discussed in [14]. In
particular it was assumed that it is possible to detect in a
radiative Bhabha event the scattered e or e~ emitted at
an angle 0, < 0. <10° (O ~ 1.6° at /s=350 GeV).
If this indeed is the case then the above stringent lower pr
cut on the photon can be significantly relaxed. We shall
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compare below the effects of these two sets of cuts. It turns £ 400
out that with the milder cuts of [14] a larger region of the 2 300
parameter space can be probed.
From Fig. 5b it is clear that the angular distributions 200
for the signal and background processes have similar char- 1000 . ) ) ) ) )
acteristics. Thus, as in Sect. 2, angular cuts cannot im- 50 60 70 80 90 100 10 120
prove the quality of the signal. Nevertheless we impose mg in GeV
conservatively angular cuts of 40 ° < 6., < 140° which cor- 700 T . T . . ;
respond to the central region of the detector where photon
detection efficiency is expected to be very high (a1). 600
In Fig. 6 we present the cross section as a function of 500
my. Throughout this section we use £ = 3 x 10*pb~! E
over a year. The conventions are the same as those in c 400
Fig. 3 for the bands and the horizontal lines. The dashed 2 00
b~an£1 contains the additional gontributions from N1 N5 and
N3 Ny pairs at points where Ny is also a VLSP. As empha- 200
sised in Sgct. 2, the latter contributions will be absent if 100 , ) ) . ) )
mé, n < Na. As m; increases the minimum mg which can 5 60 70 ri(iin ggv 100 110 120
~

accommodate the VLSP scenario also increases (see Fig.
1). For example, at m=100 GeV, only mg >375 GeV are
consistent with the VLSP scenario. In addition to the ob-
vious kinematical effects, suppressions due to Y= and é L.R
propagators, therefore, tend to decrease the signal with in-
creasing my. Also, for larger mg, the contributions from

N;N; pairs decrease due to kinematic effects. The reduc-
tion of the total VLSP cross section with increasing my is
therefore a complicated combination of several effects. It
is clearly seen from Fig. 6 that the SUSY parameter space
consistent with the VLSP scenario, indicated by the width
of the bands, gradually shrinks as m; increases.

We find that for m; <110 GeV a 5o signal can be
obtained even with our conservative cuts without impos-
ing any special requirement on the detectors. This un-
fortunately is much smaller than the kinematic limit at
/=350 GeV. It is therefore worthwhile to study the ef-
fects of the relaxed cuts proposed in [14]. We compare the
efficiencies of the two sets of cuts in Table 2. The complex
interplay between the my and mg in the VLSP scenario,
discussed in the last paragraph, is also clearly exhibited
in Table 2 which is drawn for mz=400 GeV. For this my,

the Ng is not a VLSP for m;= 110 and 125 GeV, which
leads to sleptons lighter than the Na. The cross section is,

Fig. 7. Contour plots in the (ms — mg) plane at /s =350
GeV indicating the regions where >3c0(dotted), >40(dashed)
and >50(solid) signals may be obtained for tan8 = 2,10 and
30 and —500< p <500. We have used mg = 3M> (see Sect. 2)

therefore, larger for heavier sneutrinos at this mg. It fol-
lows from this table that significantly larger regions of the
parameter space can be scanned if improvement in instru-
mentation discussed in [14] allows the scattered ete™ in
a radiative Bhabha event to be tracked down in the beam
pipe.

In Fig. 7 we present contour plots in the (mz — my)
plane that can be probed at 1/s=350 GeV for three values
of tanf, tanf=2,10,30. In these, the dotted (outermost)
contours represent the areas in the (mz —my) plane where
a >30 signal can be obtained. The dashed (middle ones)
and the solid (innermost ones) show the same for 40 and
5o signals respectively. As m; increases, a distinct rise in
the lowest allowed my is also a very indicative feature of
the VLSP scenario.

The photon energy and angular distributions for /s =
500 GeV are shown in Fig. 8a and Fig. 8b respectively.



A. Datta et al.: Virtual LSPs at e e~

colliders

383

Table 2. The comparison of the response of the signal to two sets of cuts A and
B[18] at v/s=350 GeV where Cut A = 65< E, <150 GeV, 40° < 0y <140°; Cut
B = 10< E, <150 GeV, 10° < 6y <170°, pr, >10 GeV. Other fixed values of the
SUSY parameters used are (u, mg, tanf8)=(—500 GeV, 400 GeV, 2) and me, = masy.
The SM background with Cut A(B) is 0.07671(1.04496)pb. All masses are in GeV
and cross-sections are in picobarns. The value of ¢ corresponds to £ =30 fb~*

my

110

125

130

135

*150

Cut

A
B
A
B
A
B
A
B
A

B

Ooi
.00156
.02037

.00041
.01194

.00018
.00948

.00004
.00721

negligible
.00173

0N Ny
.00212
.01803

.00182
.01600

.00173
.01539

.00165
.01476

.00113
.01162

TRy Ny O iy N Total o= \fB
disallowed'  disallowed' .00368 2.3
03840 6.7
disallowed' disallowed' .00223 1.4
02794 4.8
.00143 negligible .00334 2.2
.01397 .00101 03985 6.9
.00134 negligible  .00303 1.9
01324 .00096 03617 6.3
.00074 negligible .00187 1.2
.01060 .00013 02408 4.1

* In this case mz=450 GeV, since mg = 400 GeV is not allowed in the VLSP scenario
' N5 cannot be a VLSP for this choice of SUSY parameters
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Fig. 8. a Energy distribution of the photon at /s =500 GeV,
with E, > 5 GeV and 5° < 6, < 175°. b Angular distribution
for the photon at /s =500 GeV with 25 < E, < 225 and
5° < 0, < 175°. The convention for different lines and SUSY
parameters chosen are explained in the text

The conventions and features of the curves are similar to
ones for /s=350 GeV case. An upper cut of E,, <225 GeV
is set. From kinematical considerations a strong lower cut
of E, > 95 GeV is imposed to eliminate completely the
radiative Bhabha background. Along with this an angular
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Fig. 9. The total cross section (SM+VLSP) as a function of
my at /s =500 GeV. The conventions are the same as in Fig.
6

cut of 40° < 6~ <140° corresponding to the central region
of the detector is imposed.

In Fig. 9 we present the cross section as a function of
mg. The conventions are the same as in Fig. 6. We find
that only for m; <125 GeV 50 signals can be obtained
using our conservative cuts and optimistic choices of SUSY
parameters. It is again much smaller than the kinematic
limit at +/s=500 GeV. Once again by using the relaxed
cuts proposed in [14], the search limit can be significantly
increased. We compare the efficiencies of the two cuts in
Table 3 which shows the prospect of improvement in the
search limit if the relaxed cuts [14] are permissible due to
improvements in detector designs.

In Fig. 10 we present the contour plots at 1/s=500 GeV
for three values of tan3. The conventions are exactly the
same as in Fig. 7.

To end this section it is noteworthy that a greater re-
gion in the (my — mg) plane can be probed at /s=500
GeV with appreciable statistical significance compared to
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Table 3. The comparison of the response of the signal to two sets of cuts A and
B[18] at 1/s=500 GeV where Cut A = 95< E, <225 GeV, 40° < v <140°; Cut
B = 10< E, <225 GeV, 10° < v <170°, pr, >10 GeV . Other fixed values of the
SUSY parameters used are (u, mg, tan3)=(—500 GeV, 450 GeV, 2) and ms, =
mep. The SM background with Cut A (B) is 0.07227(1.48773)pb. All masses are

in GeV and cross-sections are in picobarns. The S/\/B ratio corresponds to £ =30

fb—l
mp Cut 0o O, Ny R, Ny O Ry Ny Total o= fB
150 A .00138  .00156 .00130 .00012 00436 2.9
B 02207 .01417 .01114 .00344 05082 7.4
155 A 00113  .00150 .00124 .00012 00399 2.6
B 02030 .01378 .01073 .00333 04814 7.0
f160 A 00078 .00129 disallowed' disallowed' .00207 1.4
B 01582 .01254 02836 4.1
f165 A .00060 .00124 .00106 .00004 00294 1.9
B 01430 .01218 .01013 .00231 03892 5.7
f170 A .00044 .00120 .00101 .00003 00268 1.8
B 01287 .01185 .00975 .00223 03670 5.3
180 A 00017 .00098 .00083 negligible  .00198 1.3
B 00852 .01048 .00918 .00136 02954 4.3
fmg=500 GeV
' N, cannot be a VLSP for this choice of SUSY parameters.
fmz=550 GeV.

the +/s=350 GeV case, as expected. However, this gain is
not commensurate with the increase in beam energy. Also
the searches at NLC via this mode will be very effective
in constraining the regions of the parameter space which
are in principle accessible to direct chargino searches at
LEP 2 energies but can not be probed there due to near
mass degeneracy of the chargino and the sneutrino and
relatively large mass of the sneutrino.

4 The signal in N=1 SUGRA models

In this section we consider a more constrained scenario
based on N=1 SUGRA with a common scalar mass (mq)
at the GUT scale [19]. We have taken the usual expressions
for the slepton and sneutrino masses including the D term
contributions. It should, however, be noted that recently
many viable models with non-universal scalar masses have
been constructed [20]. Yet models with a common mg
continue to be popular and its implication for the VLSP
scenario is worth investigating. However, no assumption
about the Higgs sector and, consequently, about the SU(2)
®U (1) breaking mechanism is made. As pointed out in [7]
the VLSP scenario can also be accommodated in this more
restrictive model. It was shown that the VLSP constraints
require a relatively light gluino with mg; bounded by the
relation

myyy < 1.4v/Dy

where m; /5 is the common gaugino mass at the GUT scale
and Dz has been defined earlier. This bound also restricts

the masses of X5 and Ny severely. Since in the VLSP sce-
nario the sneutrino has to be lighter than the above par-
ticles, my is also bounded from above. As a consequence,
this scenario can be tested conclusively at relatively low
energy machines, e.g., at an et e™ collider /=350 GeV.
Sizable cross sections may be obtained at /s=190 GeV
provided my happens to be in the lower part of its al-
lowed range.

Here we consider the allowed region of the (mq—m; /2)
mass plane in the VLSP scenario as given in [7]. Using the
formulae in [7] one can calculate the sparticle masses and
hence the cross sections at various points of the above
region using the cuts stated in the earlier sections. We
present some of the sample results at 1/s=190 GeV and
v/$=350 GeV in Table 4. It is seen from Table 4 that the
entire region of the parameter space allowed in the VLSP
scenario gives an observable signal(> 50) at 1/s=350 GeV.
In each case, it turns out that mg is nearly equal to my.
Using the bounds of [4] we have restricted ourselves to the
cases with mg = mg =~ 200 GeV.

If one further assumes radiative breaking of SU(2) ®
U(1) symmetry then the number of free parameters re-
duces further. In particular ;1 becomes a fixed parameter,
apart from a sign ambiguity, for given mg, my /o, tanf
and my. We have already seen that the cross sections are
not very sensitive to u. We therefore work with the rep-
resentative choice p = —mg used by other authors [21].
The allowed regions of [7] now reduce to narrow strips.
In Table 4 we give the cross sections at a few represen-
tative points and note that observable signals with high
statistical significances are predicted at /s=350 GeV.
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Fig. 10. Contour plots in the (my—mg) plane at /s =500 GeV

following the conventions of Fig. 7. We have used mg ~ 3M>
(see Sect. 2)

5 Radiative corrections

In this section we briefly consider the radiative corrections
to the cross sections. We follow the structure function ap-
proach of [17]. We, however, restrict ourselves to QED
corrections due to soft photon emission to all orders in
perturbation theory and lowest order corrections due to
single and double hard collinear bremsstrahlung. The for-
mula for the corrected cross section can be found in (5) of
the last paper of [17]. In this formula we have substituted
the cross sections given in the Appendix. At /s =190 GeV
the background increases from 0.45 pb to 0.86 pb with cut
A of Table 1. The increase is essentially due to the fact
that as a result of the above additional QED corrections,
the radiative returns to the Z-pole often occur for E, con-
siderably smaller than the tree level value (s — M2)/24/s.
Thus the cut E,j 60 GeV which was devised on the basis
of the tree level energy distribution becomes less effective.
The changes in the signal cross sections are shown in Ta-
ble 5. For each sneutrino mass the tree lavel cross sections
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Table 4. Total signal cross section at 1/s =190 and 350 GeV in
N =1 SUGRA model using Cut A of Tables 1 and 2. The SUSY
parameters consistent with the VLSP scenario are chosen from
[7]. The underlined entries correspond to the representative
choice p = —my leading to radiative breaking of SU(2) ® U(1)
symmetry. All masses are in GeV and cross-sections are in
picobarns. The values of £ is as in Tables 1 and 2

Vs tanf mo Ma u mg(mg) mp osusy o= \/SB
hline 20 75 -55 225(225) 47.5 141 4.7
40 70 -65 210(213) 53.8 .108 3.6
190 2 30 70 320 210(211) 46.8 .219 7.3
40 70 400 210(213) 53.8 .170 5.6
50 70 700 210(215) 61.6 .124 4.1
50 75 800 225(230) 66.0 .099 3.3
20 75 -b5  225(225) 47.5 .03478 22.3
40 80 -75 240(242) 63.7 .02338 15.0
75 70 -125 210(222) 83.2 .01838 11.8
350 2 30 70 320 210(211) 46.8 .05099 32.8
40 70 500 210(213) 53.8 .04164 26.8
50 70 1000 210(215) 61.6 .03467 22.3
55 80 1000 240(245) 74.0 .02494 16.0
60 70 -160 210(218) 57.6 .121 4.1
60 70 -210 210(218) 57.6 .118 3.9
40 80 -120 240(242) 49.7 .144 4.8
190 10 40 90 -120 270(272) 61.5 .094 3.1
20 90 120 270(270) 50.9 .155 5.1
60 70 280 210(218) 57.6 .128 4.2
60 70 500 210(218) 57.6 .121 4.0
60 70 -210 210(218) 57.6 .03388 21.8
60 80 -60 240(246) 66.9 .02648 17.0
60 80 -240 240(246) 66.9 .02605 16.7
60 90 -200 270(276) 76.1 .02014 12.9
350 10 75 100 -300 300(308) 96.3 .01169 7.5
40 90 -120 270(272) 61.5 .02789 17.9
40 90 160 270(272) 61.5 .02990 19.2
60 100 280 300(305) 85.2 .01292 8.3
70 85 500 255(263) 80.1 .01960 12.6

and that with the radiative corrections are presented us-
ing Cut A of Table 1. It is seen that the signal reduces
marginally due to this correction but the ratio o (for an
integrated luminosity of 500 pb~!) reduces significantly
due to increased background.

This exercise shows that whether the v+ £ signal will
lead to the discovery of SUSY at LEP-2 or will give merely
hints for new physics, depends crucially on the correct es-
timation of the radiative corrections. Thus a more refined
analysis including other types of corrections is called for.
In particular the following effects should be taken into
account: (i) Radiative corrections to the Z-propagator us-
ing the usual techniques (see, e.g., the first paper of [17]
and references therein). Since radiative returns to the Z-
pole is crucially important, these corrections may be non-
negligible. (ii) Other QED corrections (see the third Ref.
of [17]) like the emission of two overlapping hard photons
and radiation of additional hard photons which are not
strictly collinear with the beam, but lie within a veto an-
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Table 5. Effect of radiative corrections due to soft multiphoton
emission and hard collinear bremsstrahlung at LEP-2 energies.
For each m; the cross sections with and without radiative cor-
rections are presented using the cut A of Table 1. The choice
of SUSY parameters is (u, mg,tan3)=(—300 GeV, 200 GeV,
10). All masses are in GeV and cross-sections are in picobarns.
The value of L is as in Table 1

ms  Opp Total o= ¢

UN1N1 UN11\72 VB
45 103 .027 .018 .148 4.9
101 .026 .017 144 3.4
55 077 .025 .016 118 3.9
.069 .024 .015 .108 2.6
65 .048 .023 .015 .086 2.8
.041  .022 .014 077 1.8

gle determined by the experimental setup and are lost in
the beam pipe.

As has already been discussed, the signal under con-
sideration is of particular interest if the chargino and the
sneutrino happen to be nearly mass degenerate. In that
case the process ete™ — Y] x; 7 followed by the decay
)th — [*D may also contribute significantly to the signal.
This is because the leptons in the final state will be unob-
servable due to near mass degeneracy of the chargino and
the sneutrino. This additional channel is likely to improve
the ratio o compared to the values given in Table 5 in this
special case. In fact the radiative chargino pair production
has already been discussed in [14], where it was assumed
that the charginos decay invisibly due to their near mass
degeneracy with the LSP. The tree level calculations of
[14] show that a 5o signal is possible from this channel
alone.

6 Conclusions

In our earlier works [2,5-7,23], we had emphasised that
currently popular search strategies for supersymmetric par-
ticles may be significantly affected in the VLSP scenario.
In this scenario relatively light sneutrinos and the sec-
ond lightest neutralino may decay dominantly into in-
visible channels, leading to two extra carriers of missing
energy (in addition to the lightest supersymmetric parti-
cle (LSP)). It is, therefore, worthwhile to identify signals
which can distinguish this scenario from the MSSM with
conventional mass spectrum.

As an example, we have focussed our attention on
the processes (a) ete™ — Dby, (b) ete™ — N; Njy
(i,7=1,2) both of which contribute to eTe™ — v+ £
in the VLSP scenario. In contrast, only process (b) with
1 = j =1, contributes to the signal in the conventional
MSSM. The dominant SM background comes from the
process (c) ete™ — viry.

Formulae for the cross sections for the processes (a-c),
taking into account full mixings of the charginos and the
neutralinos are derived and presented in the Appendix. It
is found that our estimate of the background agrees with
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[12] but disagrees with [11] and the last of [17] (for the
details see Sect. 2).

Tree level calculations show that for suitable choices
of SUSY parameters at LEP-2 energies, process (a) con-
tributes dominantly to the signal. The contribution from
N1 Ny pairs is also comparable to that from LSP pairs,
which alone produces the signal in the conventional MSSM.
On the other hand, it has already been observed [6,16]
that the signal in the conventional MSSM is much below
the observable level. This leads to the interesting possi-
bility that at LEP-2 the VLSP scenario can be distin-
guished not only from the SM but also from the con-
ventional MSSM. After suitable kinematical cuts [6,16],
the statistical significance of the signal may be > 50 for
45< my > 55GeV and my ~ 200GeV (we have used the
approximate relation mg = 3M> as discussed in Sect. 2).

A preliminary study of a class of radiative corrections,
however, shows that the SM background and hence, the
statistical significance of the signal depend crucially on
them. A more refined analysis taking other similar correc-
tions as suggested in Sect. 5 is, therefore, called for.

It is further shown that a healthy signal is possible for
much larger region of the parameter space at a high lumi-
nosity ete™ collider at 350 and 500 GeV like the proposed
NLC machine even with conservative cuts. If further im-
provements in detector design [14] allow a relaxation of
these strong cuts, the VLSP scenario can be distinguished
from the conventional MSSM for even larger regions of the
parameter space. At 1/s=350(500) GeV, signals with sat-
isfactory statistical significance may be obtained if my <
150(180) GeV for my in the range 400-550 GeV using the
cuts of [14]. Another interesting feature is that this sig-
nal remains viable even if the mass splitting between the
chargino and the sneutrino happens to be small and thus,
can play a complementary role to direct chargino searches
at LEP-2 and NLC. The latter process can probe larger
regions of the parameter space, but the signal may disap-
pear due to the above degeneracy.

The signal remains observable even in the context of
more restricted models based on N=1 SUGRA with com-
mon scalar and gaugino masses at a high scale.

Appendix

In this appendix we systematically present the relevant
formulae for calculating the cross sections of different pro-
cesses. Throughout this paper we use the following Stan-
dard Model Parameters:

a = 1/128.8, Gy = 1.16637 x 1075, Mz = 91.187GeV,
My = 80.22GeV, I'y = 2.498GeV, I'y = 2.25GeV,
TS = —05, Qe = —1, S2, = sin2y = 0.232, Cyy =
cosbw, Cy = 2T§ —4Q.S%,, Ca = —2T5, Cr, = Cy — Ca,
Savg = 1/4 (spin averaging over the initial spin configu-
ration), F,, = 128maG% M.
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Fig. 11. Feynman diagrams for the process e™ e~ — v + 7.

In this and in the subsequent figures, the index [ stands for
e, b, T. Arrows indicate the flow of physical momenta and not
of fermion numbers

A: The process et e™ — v + 7

We label the particles by the following indices: et =
1, e =2, v=3, V=4, v = 5. We have used the
following abbreviations:

Pij = Pi-Pj, BW = (2P347M§)12+(MZFZ)2’ B = 2P34 - M%a
Ws = —(2Piy + My,), Wy = —(2Pa3 + Mg,), Wps =
W?? + (waw>2, Wpy = W42 + (waw) R G(Z_jk/’l) =
eagvgpf‘pfpzpf, where p; is the momentum of the i — th
particle.

In the following Tj; = AiA}—F H.C., where A; is the
amplitude of the ¢ — th Feynman Diagram apart from an
overall factor F,,; defined at the begining of this appendix.
In this sub-section we consider only the diagrams (Fig. 11)
contributing to the cross section of the process et e™ —
ve + 1.

The relevant matrix element squared can be computed
from the following formulae:

ACE Pos
Ull = P35(P12 — 2P13 — P15) +P13(P15 +P25) )
Vi1 = P35(P12 — Pi5) — Pi3(Pis + Pos).

Tll |:(C‘2/ + C%)Uu + 2CVCA‘/11 s

4CH, PisPas

Uiz = —2P%(Pi3+ Pas — Ps5) +2P12 Pi3(Pis +2Pas + Pos

T2 (C‘Q/ + C%)UlQ + 2Cy CaVia|,

—P35) — Pia(Pis + Pas)(Ps5 — 2Ps3) + (P13 Pas — P15 Pa3)
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(2P13 + P15 — 2Ps3 — Pas) — 2P19 Py3 Pss,

Viz = 2P%, (P13 — Py3) — 2P12P13(Pys + 2Pss)
+P1oP15(4Ps3 — Pss) + PioPas(2Pa3 + Pss)
+(P15 + Pa5)(Pi3Pas — P15 Pa3).

B 2Bw C,
C%, PosWps
X [P13(P15 + Pos — P35)} :

Ti3 = (BWg-f—Mwszwfz)

_ Bwey
C3 P15 P2sWpa
+(MzI'7z Wy — MWFWB)IM]a

T4 {(BW4 + MwMzI'wI'z)R14

Ri4 = Pi3(P1aPas — Pi1oPus) — Pi3Posa(Pis + Pas)
— P12 Py (P35 — 2Py3) + Pi5Pa3 Pay,

T4 = —€(3125)Poy + €(4125) Py3.

 BwGy
C}, PosWpsWpy
+Mz My Iy Iy (W3 + W4)}Rl5

Tis [{B(W3W4 - My, Iy)

f{B(Wg FWa) My Iy — My Ly (W Wy — Mgvfgv)}fw] :

Ris = (3P2sa — Pus ) (P15 Pag — Pi1aP35) — Pi3Poa(Pis —2Ps3
+2P54 + 2Po5 — 2Py5 — 2Py2)
+P14Pos(Pis — Pa3) — Pi3Pas(Pia — 3Pss
+2Ps3) + P12 Pos Pay,

Lis = —(3425) [Plz + P15] + €(4125) [P13 ~ Py — Pg,s}
—26(3125)(P24 - P45) + 6(3415)P25

B
T22 W |:(C\2/ + Ci)UQQ + 2CVCAV22:| ,

T 4Ch Py
Uszz = (P12 — 2Pa3 — Pa5) P35 + (P15 + Pas) Pas,
Va2 = (Pas — P12) P35 + (P15 + Pas) Pas.

. BwOy
C%, P15 PosWps
+(MzI'z W3 — MWFWB)123],

Tos [(BW;., + My MyIwIy)Ros

Ra3 = Pi3Pos(Pia — Pas) — Pi5Pos(Pi3 — Pa3)
+P12 P24 (2P13 — P35) — P1o P13 Pys,

123 = 6(3125)P24 — 6(4125)P13

- C% PisWpga
x (BW4 + My Mz Iz) [1335(1312 — Py — P%)]
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—Bw (g, Iy = 3 =
Tas = HB WaW, — M2, T2 %3 L
25 C[%VPLBWBSWBAL ( 3VVa w W) . /‘ L \\ ,/ L
+ M My Tz Ty (Ws + W) } Ra o .
Y y
—{B(W3 +Wa)Mw 'y — Mz Iz (W3Wy — M{%VF%/)}IQS} ;
e e e et
Ros = —PioP13(Psy — Pys) — PioPss(Pay — P3y — Pys) m (2)
+Pi3P14(Po3 — 2Poy — Pos) B - - =
+Pi3Poy (P13 + Pis + Pas — P35 + Pys) Ve >, O e
— P14 Ps5(Pog — Pos + Pas) — P15 Paa(Pas + Paa + 3Ps5), - 5 7 , %
N 1,2/ N 1,2 7
Tos = €(3415)(Pis+ Pos) +€(4125) (Pis+ Pss) — €(3125) Poy :
—6(3412)P35. Y N
e e* e et
(3) (4)
4
T3z = Py Wi [P13(P15 + Pos — P35)]
T34 = 4 |:(W3W4 + M2 FQ )R34
P15 PosWpsWpy wew

—Myw I'w (W5 — W4)134},

Rgy4 = P1oPi3(2P12 — 2P15 — 2Py3 — 3Pa5 + Pss)
—P19Ps5(P12 — Pa3 — Pas)
—(P13 — Pog — Pa5)(P13Pos — P15 Po3)
+ P12 P15 Pos,

Is4 = —€(3125)(Pia + P13 — Pas — Pas).

—4
Tss PysWp3Wphy
Rgs = —Pi2P35(3P12 + P13 — Pis — 3Pz — 3Pa5 + Piss)
+P12Pi3(4Ps3 + Pos)
+Pi5P53(3P12 — 3P13 — P15 — 3Pss
—3Ps5 + Ps5) + Pi3Pas (P13 + 3P15 — 5Po3
+3P55 — 3P35) — 4P13Pag(Pag — Pss),

135 = —(3P12 —|— P13 - P15 - 3P23 - 3P25 + P35)€(3]‘25)

[W4R35 - MWFWI35} )

4
Tya = PisWpa [P35(P12 — P3 — P25)]
Tys = s [W3R45 - MWFWLLS}
Pi5sWp3Wpa ’

Rys = —Pi2Pi3(Pia — P13 — 2P15 — Pog — 2Ps5 + Pss)
—PioP15(Pa3 + P35) — Pi3Pa3(2Pi3
+2Pi5 + Pa5 — 2P35) — Pi3Pas(Pis + Pis
+Po5 — 2P35) + Pi5Pa3(Pas + Pos + 2Ps5)
— P35 (P12 P35 — 2P15Po5),

I45 = —(P12 + P13 — P23 — P25)€(3125)

Uss = —PiaPo3(Pia + 6P13 + 5P15 — Pag — Pas + 4Ps5)
+P13Ps35(3P12 + P13 — 3P15 — 3Pa5 — Pss)
—Py3Po5(P1a + 3Pi3 + 3P15 — 8P3 + 3Pos
—T7Ps5) — PigPo3(Pis — 5P15 — TPa3 + 3Ps5)
+2P15Po3(Py5 + 3 P23 + 3Pas + Ps5) + 4P15 Pos Pss.

Fig. 12. Feynman diagrams for the process e™ e — 0 + 7
T(vv) = 3(Th1 + Tha + Ta2) + Tig + Tig + T

+ To3 + Toa + Tos5 + T3z + T34 + T35

+ Tya + Tus + Tss

The differential cross section is given by

T(wo) 4 5 5 Bp;
= F()'UlSavg 64E%M7T56 (pl + p2 — sz) H 2-E2

=3 =3

do

Other cross sections are obtained by replacing the T-factor
in the above formula by the appropriate expressions cal-
culated in the following appendices.

B: The process et e~ — i + 7

In this subsection we consider the diagrams (Fig. 12) con-
tributing to the cross section of the process ete” —
vv + . We define for this subsection:

1

Bw = ) .
{20m2 + P) = ME} "+ (M)

We label the particles by the following indices: 7 = 3,7 =
4, while the indices 1, 2 and 5 have the same meanining
as in the previous subsection.

The convention for the Tj;-s in this subsection is the
same as in the last subsection for the process under
consideration.

_ 3Bw
 8CH Pas
+P15(P34 - m%)] .

Ti1 (CE +C?%) {(P13 — P14)(P35 — Pas)
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—3Bw
Tqo = C? +C)U
12 806VP15P25( v+ A) 125
Uy = P12{2(P12 — P15 — Pas)(m2 — P3y) — (P13
—P14)(2Py3 — 2Poy — P35 + Pus)
+(Pag — Pay)(Pss5 — P45)}
+P15{P23(P13 — Py — Pa3 + 2Pyy) — Poy(Pi3

—Piy+ Pas)} — Pos{Pi3(Pi3 — 2P1s — Pa3 + Pa4)
+Pia(Pra+ Pog — P24)}~

T — M2 ) 2
13 203VP25( z v
- Vaal?
—op al { }
34); (m2 —m?2 — 2P,y Uis|,

Ui = —P12(2Ps5 — 3Ps5)

+Py13(3P25 — 4Ps5) + Pi5(2m3 — 3Pa3)

where V,1, a=1,2 are the mixing factors corresponding
to the lighter and heavier chargino respectively and my,
a =1,2 are the masses of these charginos.

BwCp, ) )
Tyy = — M2 — 2m2
14 2C§VP15P25< z = My
- Varl?
—2Py) S al { }
34)a:1 (mZ —m2 — 2Ps3) Gia] -

Uig = 2(mZPis — Pi3P3) (P12 — P15 — Pss)
+Pi12P35(2P13 + 2Ps3 — Pas)
—P13P55(2P13 — Pa5) — Pi5Pa3(2Pag + Pas)

—2P12 P13 Pss3.
BWCL 2
Ti5 = — M7 —2
15 02 P25( 7z
2
|Val|2
_2Pd4 Z — m2 — 2P14)( 2 _ mg — 2P23)

a:l mg

X |:2U15 — maW15:| s
Uys = P23{m§(P15 — Pi3) — Po5(P1a — 3P13 — Pi5)
+2P;3(Pa3 — P35)}v

Wis = Pia(Pos — Ps5) — Pi3Pas + PisPas.

3Bw 9 5
Toy = C C Pos — Poy)(Pss — P,
22 4061/]315( v+ A)[( 23 24)(Pss 45)
+P25(P34 - m%)]
—B
Tas = — wCL (M7 —2m3

2C%VP15P25
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2
|Val|2
—2P34)
aZ:l (m% — mg — 2P14)
Uss = *P12{2m12~,(P12 — P15 — Pos) — 2P13(2P23 — Pss)

+P15(2P25 — P35) + 2P35(Pa3 — P25)}
+ (P13 P25 — Pi5Pa3)(2P13 + Pis — 2Pa3 — 2Py5).

]

Toy = M2 —2m?
24 203VP15( z v
|Va1|
iy [U }
34) azzl (m% — mg — 2P23) 24
Usz4 = Pos(Pi3 — 2m3) — P35(Pia — 4Pa3) — P15 Pas.
BwCL ;o 2
Tog = Mz —2m2
25 C%VP15( Z %
2
IVa1|2
—2P.
54) Z (m2 —m2 — 2P14)(m2 — m2 — 2Py3)

a=1
X [2U25 — meWQg,] ,

Uszs = m%{Pu(Plz — P35 — P15 — Pos) + Pos(Pr3
+Pis) | — Pos(2Pys + Pis — 2Pys)
X (P12 — P13 — Pis),

Woas = Pia(Pis — P3s) + P13 Pas — Pis Pas.

2 2

T, Y

a=1b=1
Va1 [V 2
(m% — mg — 2P14)(m% — mg — 2P14)

X |:2P14P45 — mgP15:| .

>y

a=1b=1
Var [* Vo [? [U }
(M2 —m2 — 2P14)(m2 — m2 — 2Py3) L )"
Uszy = P12{ —mZ(Pia — Pis — Pas) + P13(2Po3
—P35) — P35 (Pa3 — P25)}
+(P13Pas — P15 P3) (P13 — Paz — Pas).

P15 25

|V<11‘2|Vbl|2
(mZ —m2 — 2P14)(mZ — m? — 2Py4)(m2 — m? — 2P»3)

X |:2U35 - mgW35} s
Uszs = Pzg{m?;(Pm — Pi5) — 2P14(Pos — P45)}7

Was = —P1oPys — P14 Pos 4 Pi5Pay.
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4 2 2
Ta=p > D
a=1 b=1
Va1 *[Ver |?

(m% — mg — 2P23)(m% — mf — 2P23)

X |:2P23P35 — m%P%} .

4022
T =
Va1 |*[Ver|?
(ml% —m2 — 2P23)(ml% — m% — 2P23)(m%
X [2U45 — m§W45} y
Uys = m%{Pu(Pu — P13 — Pi5 — Pas) + Pos (P13 + P15)}
—2P13P33(P1o — Pi3 — P15+ Ps5) + 2P23 P35 (P12 — Pis),
Wys = —Pi2Pss + P13 Pas — Pi5 Pas.

ZZ

albl

— mg — 2P14)

T55 -

[Va1l? Vo1 |? [Uss—2(m§+m§)Wss+mim§Plz]

(m%2—m2—2P14)(m%Z—m2—2Ps3)(m?2 7m§ —2P14)(m?2 7m!2) —2Ps3)°

Uss = m?;{Plz(m?; — 4Py3 + 2P35) — 2P13Pys

+2P;5(Pas — P25)} + 4Po3(Pa3

—Ps5)(P12 — Pi5) + 4P13Pag Pos,
Wiss = Py3(—Pi2 + Pis + Pis).

C: The process et e™ — Niﬁj + v

In this subsection we give the formula for the cross sec-

tion of the process ete™ — N N + 7. The contributing
Feynman diagrams are as in Fig. 13. We define for this
subsection:

1

B =
YT (m? + m? + 2Py — M2)? + M2T3

In this subsection we label the particles by the following
indices: 3 and 4 stand for N and N respectively where
i,7=1,2 and ¢ < 5. The labels 1,2,5 have the same meaning
asin the previous subsection. In the following the formulae
for the t-channel selectron exchange diagrams (diagrams
3 to 8 in Fig. 13) are given in terms of I, (h = L, R). The
summation over two scalar degrees of freedom is expicitely
carried out in the last step where T'(N;N;) is calculated.
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e et
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b
e et
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e” et
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The convention for the Tj;-s in this subsection is the
same as in the last subsection for the process under

consideration.

(C4 + C9)GA

[miij15 — P14 P35 — P13P45}

[mimjpw — 2131413:35}

Tyy = —
11 2Py
(C3 +C})GY
Tyy — — [P—P—P2-P
12 2Py5 Pys ( 12 15 25)( mgmg; 1712
—Pi3Poy — P14 Po3) — Plz{P13P24 + P14 Pos
—Ps5(P1g + Pyy) — Pys (P13 + st)}
—2(Py5Pag Pos + P13P14P25)}
— 20,Ga
18 P25(m?—2P14—m§h)
T4 =-Tis {g:{l}
2
Ti5 = C1Ga

P15P2 (m — 2P23 — m~

) [(Plz — P

—Py5)(m;m;Pig — P14P23)
—Py3(P1oPra + Pi5Pay — PioPys)

—Pyy(P13Pss — P12P35)]
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CrLGa

T =
7 Pos(m? — 2Py — mZ, )(m3 — 2Py —mg, )

X [mimj{P12(_2P12 +2P15 — 2Pa3+2Poy + P35 — Py5)

+Pi5(Pag — Paa) — Pos (P13 — P14)}

+2P14{P23(2P12 — P15+ 2P23 — 2Poy — 2P35 + Pys)

+Py5(m? + Pi3 — Psa) — Ps5(Pra — P24)H
14> 7]

Tig = —Tar 1 5 (_>]4

T22 = Tll(l — 2)

201G 4
P15P25(m12 — 2P14 — mgh)

X [(Pu - P15 — P25)(miij12 - P14P23)

T2z =

—Py3(P1oP1y — P1aPys + P15 Pos) — Pra(Pi3Pos — P12P35)}

T24 = —Ta3 {;:JAL}

2C1G 4
T - [ i ‘P5 —2pr5}
25 Pls(m1272P237m%h) mg;m; 2 23174
Toe = —Ta2s {é:‘a}
CcrLG
Tyr L&A

- P15(m12 — 2P23 — m%h)(mf - 21_:)14 - mgh)

X {mimj{P12(_2P12 +2Py3 —2P14 4 2P5 — P35+ Pys)

+Pi5(Paz — 2Py) — Pos(P13 — P14)}

+2P23{P14(2P12 — 2Py3+ 2Py — Pos + P35 — 2Py5)

+Pi5(m3 + Pay — P3g) — Pas(Pra — Pls)H

Tos = -Tar {477}

16 P14 P35

T =
33 p25(m? — 2Py, — mgh)z
T _ 16miij15
. Pys(mi — 2P13 —m, )(m} — 2P1g —mg,)
16
T35

- P15P25(m12 — 2P23 — mgh)(m3 — 2P14 —m

X P14P23(2P12 - P15 - P25) + P14(P13P25 - P12P35)

2
én

)

colliders
+Po3(Pr15Poy — P12P45)}

16m;m; Pro(Pra — P15 — Pas)

T =

36 P15P25 (mf — 2P24 — mgh)(mi — 2P14 — mgh)
Tn — —16P;4

3T Pas(m? —2Pa3 —mZ, )(m3 — 2Py — mZ, )?

X [P23(2P12 — Pi5 +2Ps3 — 2Py — 2Ps5 + Py5)
+Pos(m? + Pi3 — P3y) — Ps5(Pra — P24)}

T3g =
—8mimj

391

P25(m%—2P13—m§h)(m§—2P14—m§h)(m?—2P24—m§h)

{P12(2P12 —2Py5 — 2P33 + 2Py + P35 — Pys)
+Pi5(Pag — Pay) — Pos (P13 — P14)]

5 Pi5(m? — 2Py3 — m2, )2
T . 16m¢ij25

56— P15(7’TLZ2 — 2P3 — m%h)(mf — 2Py — mgh)
Twr — —16Psg

5T Pi5(m? — 2Py —mZ, )2(m3 — 2Py —m2))

X[(P12—P13+P14)(2P14—P45)—P14(P25—P35+P45)

+Pi5(m7 + Py — P34)]

Tss =
*8m7m]

]315(1’1112 —2P13 —m%h)(m% —2P23 —mgh)(m? —2P24 —mgh)

X [(P13 — P14)(2P12 — Pos) + P12{2(P12 — Ps5)
—(Pss — P45)} + Pi5(Pas — P24)}
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Tes = T55 {;:‘74}

P
Te7 = Tss{?’:‘a}

—16P14P>3
(’I”I’Ll2 — 2P23 — m2 )2 (m? - 2P14 — ’n’lgh)2

€n

X {mf +m§ —2(Pi2 — Pis+ Pis+ Pos —P24+P34)}

Trr =

Trg =
16mi;m; P12 {m?—&-m?-&-Q(Plg —P34):|

)(m2—2Py3 7m§h )(m? —2P14—m?2 )(m2—2Py;—m? )

2 2
(mi—2Py3—m €n J ép

€h

1]
T88:T77{3<_>J4}
Tst = Tig — T + Tis — Tig + Ti7 — Tisg
+ Ty — Tog + To5 — Tog + To7 — Tog

Ty =T33 + Ty + T55 + Toe + T77 + Tss
+ T35 + T37 + Tue + Tusg + Ts7 + Tes

T2 = T34 + T36 + T + Tus + Tu7 + Ts6 + I5s + To7 + T

T(N;N;) = Bw (Ti1 + Tha + Ta)
+ Z [BWS{<(li)h(aj)hTst} + {(ai)h(aj)h}QTtl

h=L,R
2

+Cij5ij{(ai)h(aj)h} th}
where

Ga = 1{3 ]/‘3_ 1{4 g,'4
= (0.5 4 S%,)N/y — Sy Cw N},
(CLZ')R = —S‘Q/VNZ/Q + SchNlll
a;)r = (0.5+ S5 )Njy — SwCw N},
= _SIQ/VNJIQ + SWCWNJ/‘1

—~ o~
S
<. .
~—
=
|

where the matrix N diagonalises the 4x4 neutralino mass
matrix following the convention of Haber and Kane [1].

The Chiral Rotation Factor (C;;) and the Fermi statistics
Factor (5;;) are defined as follows:

Cij =41 for mg ,mg, >0

=—1 for either mg ormg, <0
Sij =41 fO?“ Z;ﬁj

=—1 fori=j
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