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A complete phenomenological study of the next-to-lightest neutralino decays is performed in the
MSSM. The widths and branching ratios for all the possible decay channels (including the radiative
decay X3 — x}v and the decay into a light Higgs boson x3 — x1h°) are studied in detail as func-
tions of all the SUSY parameters of the model. Particular attention is paid to situations that are
interesting for searches at CERN LEP 2. Nontrivial decay patterns are found that critically depend

on the region of the parameter space considered.

PACS number(s): 14.80.Ly, 12.60.Jv

L. INTRODUCTION

The introduction of supersymmetry (SUSY) can solve
the hierarchy problems in the standard model (SM) only
if SUSY is broken at the TeV scale. This implies that
the SUSY partners of the known particles should be pro-
duced at ete™ and pp collider machines planned for the
next years. The possibility of observing the new states
depends not only on their production cross sections but
also on their particular decays and consequent signatures
that might or might not allow their detection in real
experiments. Hence, a complete knowledge of the de-
cay structure and relevant branching ratios (BR’s) of the
lightest SUSY states (the first that could be detected) is
crucial for discussing the discovery potential of the dif-
ferent machines.

In the minimal supersymmetric standard model
(MSSM) [1], among the lightest particles in the SUSY
spectrum, there are 4 neutralinos [the SUSY partners of
the neutral electroweak (EW) gauge and Higgs bosons]
and two charginos (the partners of the charged gauge and
Higgs bosons). In most scenarios, apart from the light-
est SUSY particle (LSP), which is in general assumed
to be the lightest neutralino (%) (stable and invisible),
the particles that could be first observed at future exper-
iments are the next-to-lightest neutralino (x3) and the
light chargino (x¥) [2]. In particular, the production of
XY%9 pairs at ete™ colliders could allow the study of a
wide region of the SUSY parameter space [3]. In this re-
spect, it is crucial to know as well as possible the decay
characteristics of the x93, that determine the features of
the observed signal.

Analytical results for the neutralino decay widths have
been thoroughly studied in Refs. [4-7]. Nevertheless, at
the present time, a complete phenomenological analysis
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that investigates the different kinematical and dynamical
features of neutralino decays corresponding to different
regions of the SUSY parameter space, is still missing to
our knowledge.

In this paper, we present a comprehensive study of the
partial decays widths and BR’s (including the radiative
decay X3 — x?%7 and the decay into a light Higgs bo-
son X9 — x%h°) of the next-to-lightest neutralino in the
MSSM. The dependence on all the SUSY parameters is
carefully considered, and nontrivial behaviors are found
when varying the different parameters.

We assume the usual MSSM framework [1], that is,
(1) a minimal content of particles and gauge groups, (2)
unification conditions for gauge couplings, gaugino and
scalar masses at the grand unified theory (GUT) scale,
and (3) R parity is conserved.

We also assume that the lightest neutralino is the LSP.

All masses and couplings are set by choosing the val-
ues of a finite set of parameters at the GUT scale: mg
(the common scalar mass), m;/; (the common gaugino
mass), u (the SUSY Higgs-mixing mass), and tan 3 (the
ratio of vacuum expectation values for the two Higgs
doublets). A further parameter, m 40, is needed to de-
scribe the Higgs sector, in case one does not use the con-
straints coming from the requirement that the radiative
electroweak-symmetry breaking takes place at the correct
scale.

In Ref. [3], we describe the equations that allow us
to get the complete SUSY mass spectrum and couplings
starting from the above parameters in a standard approx-
imation. We neglect the possibility of mixing between left
and right scalar partners of fermions that can be relevant
in the top squark sector, since this has a marginal role in
our study. As for the Higgs sector (that is composed by
two minimal doublets), we include the leading logarith-
mic radiative corrections to masses and couplings [8].

The present work complements Ref. [3], where %xJx9
production rates and signatures have been studied at the
CERN ete™ collider LEP 2, by studying extensively the
decay features of the %3 for a wide choice of SUSY pa-
rameters. Particular attention is paid to scenarios that
are typical of LEP 2 physics.
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The plan of the paper is the following. In Sec. II,
all the next-to-lightest neutralino decay channels in the
MSSM are reviewed. Also, we study contour plots of the
neutralino-neutralino and neutralino-chargino mass dif-
ferences, that are crucial for the analysis of the kinemat-
ical features of the decays. In Sec. III, neutralino BR’s
are presented in the (u, M2) plane. In Sec. IV, some spe-
cific scenarios that are of interest for LEP 2 neutralino
searches, are analyzed. In Sec. V, the hypothesis of a
light Higgs boson is considered. Finally, in Sec. VI, the
radiative decay x93 — x%7v is studied.

II. NEUTRALINO-DECAY CLASSIFICATION

In the MSSM, four fermionic partners of the neu-
tral components of the SM electroweak gauge and Higgs
bosons are predicted: the photino ¥, the Z-ino Z [mix-
tures of the U(1) B and SU(2) W3 gauginos], and the two
Higgsinos H? and HY (partners of the two Higgs-doublet
neutral components). In general, these interaction eigen-
states mix, their mixing being controlled by a mass ma-
trix Y (see, e.g., Refs. [3,9,10]). By solving a fourth de-
gree eigenvalue equation, one can find the expressions of
mgo (i = 1,...,4) and of the physical composition of
the corresponding eigenstates in terms of the set of in-
dependent parameters u, Ms, and tan 3. Here, we are
mainly concerned with the two lightest neutralino states
(i = 1,2). The best direct experimental limits on the
x? and %3 masses exclude the ranges mgo < 20GeV and
mge < 46 GeV, under the assumption that tanf > 2,
at LEP 1. These limits disappear if tan8 < 1.6 [11].

At LEP 2, because of the smaller relative importance of
the Z°-exchange diagram in the %%%3 production, dif-
ferent physical components of neutralinos (and not only
Higgsinos) come into play and the common scalar mass
mo becomes a relevant parameter too. In this frame-
work, in order to put new direct limits on the neutralino
masses, one must have a complete knowledge also of the
X3 decay pattern.

In Ref. [3], the behavior of the %}, gaugino and
Higgsino components is studied in detail in the SUSY pa-
rameter space. This is crucial also in understanding the
dynamics of the neutralino decays, since different compo-
nents are coupled to different particles. For instance, in
the tree-level decays of neutralinos x{ — X}/ f, there are

two main contributions coming from the Z° and sfermion
exchanges. While the gaugino components couple to the
scalars, the Higgsino components couple only to the Z°
boson, with different strength (in the my = 0 limit).
Also, the neutralino mass spectrum depends on the same
three parameters pu, M3, and tan 3. A detailed discussion
on the x) mass spectrum can be found in Refs. [3,10].

In what follows, we list all the possible next-to-lightest
neutralino decays in the MSSM. In general, these chan-
nels are valid also for heavier neutralinos, although the
possibility of cascade decays can make the decay struc-
ture of the heavier neutralinos more complicated.

(a) Decay into charged leptons:

X3 = Xiete, (2.1)

or et — pt 7E,

b) Decay into a neutrino pair:
p
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FIG. 3. Feynman diagrams for the neutralino decays in
neutral Higgs bosons.

)2(2) — )2?1/(17[ , (2.2)
where £ = e, pu,T.
(c) Decay into a light-quark pair:
X3 — X147, (2.3)
where ¢ = u,d, s, c, b.
(d) Cascade decay through a real chargino:
-0 FIooE
X2 = f
2 1f1 X3 (2.4)

NN

where each pair of fermions f;f/ in the final state is an
isospin doublet of either leptons or light quarks.

(e) Decay into a light scalar (h®) or pseudoscalar (A%)
Higgs boson:

%5 = x3n°, (2.5a)

mfxs) - mi3) (GeV)

T T
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X2 — X147, (2.5b)
where h° and A° are parts of the MSSM Higgs doublet.
(f) Radiative decay into a photon:
X5 = X17 - (2.6)

The first three channels occur through either a Z°
or a scalar-particle exchange. Different scalar partners
come into play: (left or right) selectron [in channel (a)],
(left) sneutrino [in channel (b)], and (left or right) squark
[in channel (c)] (see Fig. 1), massless fermions make the
channels proceeding through neutral Higgs bosons vanish
in a, b, and ¢ . We name s channels the contributions
from diagrams with the two neutralinos entering the same
vertex (Z° exchange), and (¢,u) channels the ones where
the two neutralinos enter different vertices (sfermion ex-
change).

Whenever the %3 is heavier than some scalar fermions,
the corresponding channels will proceed through two
steps via real sparticles.

A possible gluino in the final state (¥ — §qg) is ex-
cluded by the gaugino mass unification hypothesis, that
makes gluinos considerably heavier than light neutrali-
nos.

Cascade decays through a real chargino (d) occur via
similar graphs (Fig. 2). The diagrams for the second-step
decay [cf. Eq. (2.4)] can be obtained by the same graphs
by exchanging the neutralino and the chargino.

As for the channel (e), there are five possible Higgs
bosons (either neutral or charged) that could contribute
to the tree-level X3 decays into a scalar Higgs boson plus
a light neutralino or chargino. For the next-to-lightest
neutralino, only decays into the two lightest bosons (i.e.,
the lightest neutral scalar and the pseudoscalar Higgs
bosons) can be present for the moderate ¥J masses we

MZ/MZ

FIG. 4. Contour plot in the (z, M2) plane for the difference between the two lightest neutralino masses, for tan8 = 1.5 (a)

and 30 (b).
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FIG. 5. Contour plot in the (u, M) plane for the difference between the next-to-lightest neutralino mass and the light

chargino mass, for tan3 = 1.5 (a) and 30 (b).

are considering here (Fig. 3).

One important point to keep in mind in the decay
study is that, whenever the %3 can decay into a real
scalar plus a fermion (e.g., a selectron plus an electron
or a Higgs boson plus a lightest neutralino), this channel
tends to saturate the corresponding width and BR. The
same occurs when the mass difference between the two
lightest neutralinos is sufficient to allow the decay into
a real Z° In the latter case, the relevant BR’s for dif-
ferent signatures recover the Z° ones. However, the last
possibility never occurs in the LEP 2 parameter regions.

We point out that, apart from the decays into Higgs
bosons, that are considered only if the two-body on-shell
decay is allowed by the phase space, our treatment of the
three-body decays always properly takes into account the
possibility of decays into two real particles, whenever this
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FIG. 6. Feynman diagrams for the radiative neutralino de-
cay X3 — X5 in the gauge of Ref. [7]. For each graph shown,
there is a further one with clockwise circulating particles in
the loop.

is permitted.

In Fig. 4, we show the contour plot for the mass differ-
ence between ¥J and X9, for tan3 = 1.5 and 30, in the
(¢, M2) plane. From these plots, one can immediately
infer, for a given scalar mass, which are the parameter re-
gions where the decays into real scalars are kinematically
allowed, and consequently can dominate the X3 decay.

Furthermore, in Fig. 5, the difference between My and
mz is plotted. Shaded areas represent situations where
this difference is negative and the neutralino cascade de-
cays through a chargino are not allowed. For small tan 3,
one can anticipate a sizable BR for cascade decays in the
positive g half-plane (cf. Sec. III).

Diagrams contributing to the radiative decay x5 —
Xy are shown in Fig. 6, where the corresponding graphs
with clockwise circulating particles in the loops must be
added. The fields G* are the Goldstone quanta giving
masses to charged vector bosons. We assume the nonlin-
ear R gauge, that is described in Ref. [7]. One can see
that there are many physical charged particles flowing
in the loops: all charged standard fermions and their
corresponding scalar partners, the charged vector and
Higgs bosons, and their fermionic partners, the charginos.
In the SUSY parameter scheme we adopt, relevant con-
tributions come mostly from the W* chargino and the
top quark—top squark loops, with non-negligible interfer-
ences. In this decay, the visible part of the final state is
given by a monochromatic photon. From Fig. 4, one can
get information on the final photon energy.

In the following analysis, we mainly concentrate on
the MSSM parameter regions not excluded at LEP 1.
Particular attention is given to regions explorable at the
forthcoming experiments, especially at LEP 2 (shown in
Fig. 7).

For definiteness, we restrict to the following ranges of
SUSY parameters:
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FIG. 7. Interesting regions and scenarios in the (u, M2) plane with tan8 = 1.5 (a) and 30 (b) for neutralino search at
LEP 2 (/s = 190GeV). The NR¥ regions (bounded by kinematic-limit curves “N190” and “C190” for %$%3 and XXy
production, respectively) and HCS® regions (outlined by the 1 pb contour plot for the xJ%3 total cross section, for mo = 3Mz)

are indicated. The shaded area corresponds to LEP 1 limits.

0< M, <4Mgy, (2.7a)
—4Mz < p < 4Mg, (2.7b)
40GeV < my < 500GeV, (2.7¢)
1 < tan < 60, (2.7d)

My < mo < 3Mj. (2.7€)

The lower limit on mg is connected to present experimen-
tal limits on the masses of the SUSY partners of leptons
and quarks. It generally excludes scenarios where the
LSP is a scalar.

III. STUDY OF THE %2 BR’S
IN THE (u, M,;) PLANE

In this section, we make a detailed study of the BR’s
for the decay channels (a)-(e) (defined in the previous
section) in the (u, M3) plane, at fixed values of mg and
tan 3. We assume m 40 = 3Mz that, unless tan 3 is near
1, generally implies a h° mass above the threshold for
the channel x5 — %JA°, in the (i, M,) region covered
by LEP 2 searches. The light-Higgs boson case will be
considered in Sec. V, while in Sec. VI we will concen-
trate on the radiative decay x93 — x%v. Everywhere the
widths and BR’s connected to the decays into charged
leptons are relative to a single species, while the decays
into neutrinos are summed over three families and the
decays into quarks over five light flavors. Analogously,
for cascade decays, the BR for the leptonic channel is
for one single species, while the hadronic channels are
summed over two light quark doublets. At this stage,
the second-step decay of the )Zli is not considered.

The BR’s for each channel are studied in the (u, M2)
plane for four different choices of the mo and tan 3 pa-
rameters: namely,

(a): (mo,tanp) = (Mz,1.5), (3.1a)
(b) : = (Mz, 30), (3.1b)
(c): = (3Mz,1.5), (3.1¢)
(d) : = (3Mz, 30), (3.1d)

for |u| < 4Mz and 0 < M, < 4Mz. The observed be-
havior is in general highly nontrivial, because of both the
sharp dependence of the neutralino physical composition
on p and M, [3] and the corresponding variation in the
neutralino mass spectrum (cf. Fig. 4). Also a weak de-
pendence on M, comes from the spectrum of the scalar
masses that enter the t-channel contributions to the %3
decay (Fig. 1).

In Fig. 8, we present the BR for the decay %3 —
xlete™. In order to get large BR’s, in this case, one
needs relatively small mgo values, so that the t-channel
contributions get substantial with respect to the Z°-
exchange channel. In this way, one obtains leptonic BR’s
much larger than the corresponding B(Z° — £7¢7).
For instance, when mo = My [Figs. 8(a), 8(b)], one al-
ways gets wide regions of the plane where B(x{eTe™) is
larger than 25% (that corresponds to a BR > 75% when
summed over three lepton species). However, when con-
sidering the LEP 2 realm (Fig. 7), the relative importance
of these regions is reduced, especially for large tan 3 val-
ues. Note that at large tan 3, the behavior tends to be
more symmetric with respect to the line u = 0 [Figs. 8(b),
8(d)].

In order to guarantee the detectability of the x%ete™
final state in ordinary collider experiments, it is also
useful to consider a threshold on the minimum energy
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for an observable ete™ state. The effect of this condi-
tion can be guessed through Fig. 4, since (mzg — mxnla)
is directly connected to the final ete~ energy. For in-
stance, one can see that the rejection of the areas where
(mgg — mge) < 20GeV has a moderate influence on
LEP 2 physics (cf. Fig. 7).

In Fig. 8(a), the large BR at moderate values of M, and
1 < 0 is because of the opening of the tree-level channel
X9 — eFéL at mg ~ My, which is not contrasted by
X3 — VeDe,L, (in general, mz, < mg, , [3,12]). See Fig. 14
for further details.

In Fig. 9, the channel X3 — x%,0, is studied. As in
the previous case, low mg values tend to enhance the
BR. Note that, in both the charged lepton and the neu-
trino case, the corresponding Z° BR’s are recovered in
the region of small || and M2 2 (1-2) Mz. Indeed, in
this region, the Higgsino components and, consequently,
the Z%-exchange channels are dominant, independently
of mg and tan 8.

This is also true for the hadronic channel that is con-
sidered in Fig. 10. On the other hand, in the hadronic
decay, a low mg value can decrease the BR with respect
to the Z%-channel expectation. This is because, for a
given my, of the larger value of the squark masses (enter-
ing the t-channel contribution), compared to the slepton
masses [3,12]. For large mg, t channels tend to vanish,
and the BR for x3 — x{ff recovers the Z° — ff one.

Cascade decay BR’s are shown in Flgs 11 and 12 for
the channels X3 — xfe¥v, and %3 — PR XEqq, re-
spectively. At small values of tan 3, the 1mportance of
this channel is restricted to the positive-y half-plane in
connection to the regions where ili is sufficiently lighter
than x3 [cf. Figs. 11(a), 11(c), 12(a),12(c) and 5]. The
leptonic channel can reach a BR of 10% for each leptonic
species at low tan 3. The relevance of this decay is fur-

2549

ther increased at larger mg [cf. Fig. 11(c)]. Raising tan 3
makes the pattern symmetrical with respect to the u = 0
axis, although the BR never reaches a sizable level in the
interesting regions [cf. Figs. 11(b), 11(d)] An analogous
situation is observed for the decay mto x1 qq in Fig. 12.

In Fig. 13 we study the channel ¥ — ¥Yh°. Whenever
the light-Higgs-boson mass is lighter than the difference
(mgg — mye), this process has a large BR because of the
two- %ody nature of the decay. The Higgs boson mass
spectrum is fixed here by m 40 = 3Mz that corresponds
to mpo in the range 50 + 90 GeV, at tan8 = 1.5 and
100-130 GeV, at tan3 = 30, for the assumed range of
mo and Mg.

The most favorable case for the process x3 — %Ih° is
the one with small tan 8 and mg [cf. Fig. 13(a)]. Even in
this case, the decay threshold opens mostly at relatively
large values of |u| that correspond to heavier neutrali-
nos. Increasing mg [cf. Fig. 13(c)], slightly restricts the
allowed regions, because of the m; dependence of the
mpo radiative corrections [8], but, at the same time, in-
creases the bra.nching fraction, because of the depletion
of all the other X3 — X{ff channels. At tan8 =
the decay %3 — XJh° is not allowed in almost the whole
(¢, M2) plane considered, because of the increase of myo
with tan 3 [8] and also to the decrease of (myg —mye) (cf.
Fig. 4). In Figs.13(b) and 13(d), an intermediate-tan 8
situation is shown.

Note that the case of a lighter h® (or m40) can con-
siderably alter the pattern of the xJ BR’s. The case of a
lighter Higgs boson will be considered in Sec. V.

IV. NEUTRALINO DECAYS AT LEP 2

In our analysis of the production of x93 pairs at
LEP 2 in Ref. [3], we have identified particular regions

TABLE 1. Interesting scenarios for neutralino production at LEP 2 (/s ~ 190 GeV) in the

case tanf3 = 1.5, mo = M3z.
the sfermion spectrum arising from mo = Mz.
reported as well.

Mass eigenvalues for charginos and neutralinos are given as well as
For light neutralinos, the physical composition is

Scenarios with tan3 = 1.5

Scenario A B C D H~™ H*
(I"’ M2)/MZ - (_35 1) ("'ly 1) ("'17 1'5) (31 1~5) (_0-7’ 3) (17 3)
M; (GeV) — 45.7 45.7 68.6 68.6 137.2 137.2
X7 Mass (GeV) 49.5 51.5 73.7 56.0 62.3 44.9
(3, 2) (%) (88,11)  (91,6) (76,10)  (47,45) (0,1) (4,20)
(H2 HY) (%) (1,0) (2,2) (1,13) (7,1) (2,97)  (70,5)
S Mass (GeV) 107.0 85.2 89.8 108.2 —89.1 -92.3
* Z) (%) (12,83) (4,9 (15,1) (53,36) (0,7 (0,0)
(H2 , HY) (%) (42)  (086) (2,83) (10,1) (90,2) (5,94)
;zg Mass (GeV) 275.4 -129.8 —124.5 —274.4 144.9 153.5
x4 Mass (GeV) —294.9 130.0 166.4 315.6 292.6 304.6
Mass (GeV) 106.1 104.7 110.8 —101.5 80.1 —62.6
i Mass (GeV) 291.2 136.2 166.2 310.0 292.2 303.5
éL,eR, Ue,. Mass (GeV) 124, 104, 114 152,115,144 255,160,250
ur,ur Mass (GeV) 285, 277 408,395 773,746
dr,dr Mass (GeV) 289,278 411,395 774,743
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and scenarios in the parameter space. These are charac-
terized by specific dynamical and kinematical properties
of the light neutralinos. We have defined as NR* (neu-
tralino regions) the areas of the (u, M3) plane where

mgo + mygo < Vs < 2m>21i , (4.1)
at fixed tan 3, where /s is the c.m. collision energy at
LEP 2 (/s ~ 190 GeV) (Fig. 7). In this region, chargino
pair production is kinematically forbidden, while, for
moderate values of scalar masses, the x{x9 production
can have sizable cross sections. Of course, neutralino-
pair production can also be of help below the neutralino
regions, where it complements chargino production. On
the other hand, the largest rates for ete™ — %x9%3 arise
for |u| £ Mz and M, 2 Mz (what we call HCS* stands
for high cross section regions), although, in these zones,
chargino production is also allowed. Here, the Higgsino
components of ¥ and %3 are dominant and the main
production mechanism is through Z° exchange.

In these regions, for tan 3 = 1.5, we have chosen a set
of six specific points [shown in Fig. 7(a)] that can schema-
tize the spectrum of possibilities for the neutralino cou-
plings and masses: scenarios A, B, C, and D in the neu-
tralino regions and H¥ in the high cross section regions.
In Table I we show the masses and physical components
of the two lightest neutralinos and the mass spectrum
of charginos and heavier neutralinos, corresponding to
these points in the (u, M2) plane. Moreover, we show
the sfermion spectrum (that also influences the decay
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properties of neutralinos) corresponding to these cases
for mg = Mz. A more detailed analysis of the dynamical
characteristics of these scenarios can be found in Ref.
(3]

In this section, we present a study of the x5 widths and
BR’s in these specific cases. Although the values tan3 =
1.5 (associated to the definition of such scenarios) and
mgo = Mz correspond to particularly favorable cases for
neutralino production rates, we also study the behavior
of decay widths and BR’s in a large range of tan and
mo values. We will call A-H* the scenarios with the
same values of 1 and M, as A-HT, but at tan8 # 1.5
[see, e.g., Fig. 7(b), where tan 3 = 30].

If not otherwise specified, we will assume that decays
into real Higgs bosons are not kinematically allowed. In
this case, there is some influence of the Higgs boson sector
only in the radiative channel. Accordingly, the results
presented in this section are obtained for m 0 = 3Mz.
The effect of varying m 40 will be discussed in Sec. V.

In Figs. 14-19, we present all partial widths and BR’s
Vs my in the scenarios A, B, C, D, H™, and H*. In order
to understand the general pattern of the decay widths,
one must recall the specific ordering of the scalar masses
at fixed mo which is predicted by the renormalization
group equations and unification assumptions. For in-
stance, one always gets: mg, , > my, . and my >mg, .
When my is sufficiently small so as to allow %3 decays
into one or more real scalars, the largest decay widths
are associated with the corresponding channels that, in
general, are the leptonic ones. For instance, this occurs

-
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FIG. 14. Widths in keV (left) and BR’s
in percentage (right) for all the %3 decays,
as functions of the common scalar mass mo
(GeV), in the scenario A of Table I. The
solid, grey, dashed, and dotted lines repre-
sent the charged-leptonic, neutrino (summed
over three species), hadronic (summed over
all light flavors), and radiative channels, re-
spectively. The dot-dashed lines represent
the cascade channels. The grey one is for
the leptonic case x3 — )Zlieqzue, the black
one is for the hadronic case x5 — Zq )"(f:qq',
summed over all light flavors. All results are
obtained assuming m 40 = 3Mz.
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for mg < 100GeV, in Fig. 14, where we study the sce-
nario A (%}, dominantly gauginos, cf. Table I). One
can see that the largest rates (up to 1-100 MeV) are
by far those corresponding to decays into real sleptons.
The width for X3 — velsr — veleX) is summed over
all neutrino flavors, contrary to the charged-lepton chan-
nel. For my < 60 GeV, all sleptons are produced on the
mass-shell. By increasing mg, one meets, in order, the
mg, , My, ., and my  thresholds. At large mo, only the
Z°-exchange contributions survive. Note also the peaks
of the leptonic cascade decay width that corresponds to
the chain of on-shell decays X3 — éfeq: - )Z‘ltueeq: and
X9 = De,pVe = XieFv.. When mg 2 100 GeV, no two-
body decay is allowed. On the other hand, in the param-
eter range considered, one has, in general, mg, , > my
and the width for the x93 — ¢gx? is relatively small and
almost constant (between 0.1 and 1 KeV) when vary-
ing mo. Concerning the radiative decay, the curves are
obtained through the complete results of Ref. [7]. The
width for ¥3 — X9 never exceeds 1 KeV for mg 2 Mz.

The corresponding BR pattern closely reflects the
scalar-mass threshold structure (Fig. 14). Indeed, for
mo S 75GeV, the BR for the invisible channel ¥3 —
S e veeX? is more than 80%. Hence, in this regime,
the next-to-lightest neutralino is phenomenologically al-
most equivalent to the LSP, which means that most of
the times it just produces missing energy and momen-
tum in the final states. This effect tends to concern
even larger ranges of mo when tan 3 increases, because

of the relative lowering of the sneutrino mass with re-
spect to the charged-slepton masses. Also, notice that
the presence of two close thresholds for the decay into
a real Uy 1 and a real {p gives rise to a peak structure
in the B(x3 — £Y£7%?) at mo ~ 83GeV. This cor-
responds to a fast deepening in the invisible BR. For
80GeV < mp < 200GeV, the largest BR is that for
charged leptons ( 2 60%, for all the three lepton species).
For mgo 2 200 GeV, the hadronic channel gets more and
more important. It reaches 80% for mo ~ % TeV. The
BR for the radiative decay grows with myg, although at
mo ~ 500GeV one still has only BR~ 4%. Anyhow,
concerning searches at LEP 2, one has to keep in mind
that, for mo 2 300 GeV, the corresponding production
rate for x9%J pairs is below the detectability threshold
for a realistic machine luminosity (see Ref. [3]).

In Fig. 15, we deal with the scenario B, where the
X} is mainly a photino and the X3 is mainly a HY (cf.
Table I). In general, the behavior of widths and BR'’s is
qualitatively similar to the ones in scenario A, apart from
the absence of the decay into ¢, (whose mass is above
threshold) and the presence of rather strong destruc-
tive interference effects in the leptonic channels. The
latter are clearly visible for the process X3 — X%v.7,
around mo ~ 64 GeV and in the case x5 — x%ete™ for
mo ~ 130 GeV (Fig. 15). Indeed, the different physical
nature of xX¢ and %9, in particular mo ranges, gives rise
to a comparable size for the s- and t-channel decay con-
tributions with negative interference of the same order of
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magnitude. For instance, in the minimum of the width
for the decay into electrons the s channel and ¢ channel
contribute 65 and 50 eV, respectively, while their inter-
ference give —95 eV.

In the scenario C (cf. Table I) the larger value of M,
with respect to the previous scenarios generates larger
masses in the scalar sector, particularly in the left-handed
sector. As a consequence, only the £g can go on mass-
shell, while both the invisible and the hadronic widths
that are dominated by the Z° exchange, keep constant
(Fig. 16). As for BR’s, the charged-leptonic channels
saturate the width up to mgo ~ 64 GeV (BR~ 33% for
each lepton species) (Fig. 16). Note that the relatively
small widths for the tree-level channels enhance the BR
for the radiative decay, for mgq 2 70 GeV, up to about
15%.

The scenario D is chosen in the positive-u range (con-
trary to the previous ones) and, in particular, in the
area of the neutralino regions where xJ cascade decays
through a light chargino are allowed. The physical com-
position of )2‘1),2 is given by a mixture of comparable com-

ponents of 4 and Z with a small percentage of Higgsino
components (cf. Table I). In Fig. 17, the only qualita-
tive new feature in the decay pattern is the presence of
sizable widths for cascade decays. The latter are almost
constant vs mg and give rise to BR’s up to 15% for the
channel x3 — )Zliqq" and up to 3% for X3 — )Zzlteiug at
mo =~ 500 GeV.

In Figs. 18 and 19, we present the x3 widths and BR’s
in the High Cross Section regions. In particular, we con-
sider the scenarios H* defined in Table I. One can check
that the Higgsino components in these cases are domi-
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nant and the Xy and X9 are mostly coupled to the Z°
boson. Hence, a small dependence on the scalar masses
is found. This is the case especially in the H™ scenario
(cf. Fig. 18), where the BR for the gq, £7£~, and v,
channels are quite the same as for Z° decays. In Figs. 18
and 19, the widths and BR’s for the cascade channels
are also reported. The relative importance of these de-
cay modes is considerable only in the H* case, where the
corresponding BR’s reach about 18% for the hadronic
mode, and more than 2% for each leptonic channel.

We now proceed to the study of the tan 3 dependence
of the xJ decay pattern. To this end, as anticipated,
we define six new scenarios fi, B, é, D, H*Z that are
obtained from the above scenarios by fixing m¢ = Mz,
and letting free the tan 3 value. We then study the ef-
fect of changing tan 3 in the range 1-60. Note that, al-
though scenarios A-D were originally defined as lying in
the neutralino regions, the variation of tan can shift
such regions above some of these scenarios (cf. Fig. 7).
This corresponds to study situations in the (u, M>) plane
where also chargino production is allowed. Furthermore,
changing tan 8 varies both the mass spectrum and the
physical composition of )2(1”2. For instance, in Fig. 20, the
%9-%¢ and %3-xT mass differences (that are crucial quan-
tities entering the phase-space factor of the x93 widths)
are shown vs tan 3, for the scenarios A-H™*. Some influ-
ence of tan 3 is also observed in the scalar mass spectrum
[3,12].

In Figs. 21-26, the behaviors of ¥ widths and BR’s
as functions of tan 3 are shown. In the scenario A, we
can distinguish three different regimes. For tan3 < 1.3,
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FIG. 21. Widths in keV (left) and BR’s in
percentage (right) for all the x3 decays, as
functions of tang, in the scenario A. The
solid, grey, dashed, and dotted lines repre-
sent the charged-leptonic, neutrino (summed
over three species), hadronic (summed over
all light flavors), and radiative channels, re-
spectively. The grey, dashed, thick line is for
the channel X3 — xX2h°. The dot-dashed lines
represent the cascade channels. The grey
one is for the leptonic case %3 — )Zf:e;l/e,
while the black one is for the hadronic case
X3 — %Eqq', summed over all light
flavors. All results are obtained assuming
m 0 = 3Mz.

FIG. 22. The same as in Fig. 21, but in
the scenario B.
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the tree-level decay into a light Higgs boson h? is allowed
and the corresponding BR is greater than 80%. Around
tan (@ = 1.5, there is a small transition region where the
charged-leptonic channel saturates the BR, since the de-
cay into a €r, g is the only possible two-body real channel
(this corresponds to the scenario A described above). For
larger tan 3, there is a combined effect of the relative de-
creasing of the sneutrino mass with respect to the charged
slepton masses [3,12] and the increasing Z-ino component
in the %9, that enhances the x3 — %x%v,0, decay. There-
fore, for large tan B the %3 gives rise mostly to miss-
ing energy and momentum. In the scenario B (Fig. 22),
X9 — %347 is dominant in the whole tan range con-
sidered, although the charged-lepton channel has a con-
siderable BR. for tan3 2 5-10. In scenario C (Fig. 23),
the hadronic channel is the main one for tan8 < 1.5-2,
while the leptonic channels get comparable to the first at
higher tan 3. Note that, for tan 3 2 10, also the cascade
decays into a )Zzlt give a sizable contribution.

As for scenario D, we note in Fig. 24 a maximum in
both the invisible and the hadronic BR’s curves corre-
sponding to a deepening of the charged-leptonic one for
tan G ~ 10. This is because of the sudden opening of the
channel x93 — eiéiR.

In Figs. 25 and 26, we study the scenarios HF. Here,
we observe again a BR pattern closely connected to the
Z° BR’s with some deviation because of the possible pres-
ence of a light chargino in the cascade decays (see also
Fig. 20). In the scenario H™, the cascade decays con-
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tribute considerably at large tan (3, while in the scenario
H™, they decrease with tan 8. Note the strong (although
not phenomenologically relevant) deepening of the radia-
tive decay width at tan 8 ~ 2.2, because of destructive
interference among various contributions.

V. DECREASING THE HIGGS BOSON MASSES

In this section we study the sensitivity of the x93 decay
widths and BR’s to a myo change. In particular, we set
mgo = Mz which, compared to the case m40 = 3Mz
studied in Sec. III, corresponds to a lowering of myo
down to 40-70 GeV, at tan3 = 1.5, and to 90-91 GeV,
at tan 8 = 30 in the considered range of mo and M, (cf.
Sec. III).

In Fig. 27(a), we show the B(%3 — xh°) when m 4o is
lowered down to Mz. The corresponding reduction of the
threshold for the decay %3 — X%h° considerably extends
(with respect to Fig. 13) the area where B(xYh%) > 30%
in the (p, M) plane, down to regions of interest for LEP 2
physics. In particular, this happens in the regions where
the )2(1’,2 gaugino components are large, which implies a
considerable decrease in the BR’s for all the other decay
channels in these regions [as can be checked by comparing
Figs. 27(b)-27(d) with Figs. 8(a), 9(a) and 10(a)]. On
the contrary, the situation is not altered in the Higgsino
region, where myo and myg tend to be degenerate, and
the decay %3 — X9h° is not allowed.

In Figs. 28 and 29, we study the influence of the m 40
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FIG. 28. Widths in keV (left) and BR’s in
percentage (right) for all x5 decays, as func-
tions of the common scalar mass mo in the
scenario A. The solid, grey, dashed, and dot-
ted lines represent the charged-leptonic, neu-
trino (summed over three species), hadronic
(summed over all light flavors), and radiative
channels, respectively. The dot-dashed line
shows only the peaks of the width for the
cascade channel x5 — )"(f:eqzue (cf. Fig. 14).
The grey, dashed, thick line is for the channel
X3 — X2h°. All results are obtained assum-
ing myo = Mz.

FIG. 29. Widths in keV (left) and BR’s
in percentage (right) for all the %3 decays,
as functions of tan 3, in the scenario A. All
results are obtained assuming m 40 = Mz.
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FIG. 30. Contour plot in the (u, M)
plane for the BR (%) of the radiative decay
X3 — %37v. The values of tan8 and mo are
shown in each case. All results are obtained
assuming m 40 = 3Mz.

FIG. 31. BR (%) for the radiative de-
cay X3 — X3y as function of tan in the
scenarios (i) (left) and (ii) (right) given in
the text. In each scenario, the behavior is
given for three different values of the com-
mon scalar mass: mo = Mz (grey line),
mo = 3Mz (solid line), and mo = 1TeV
(dashed line). All results are obtained as-
suming m o0 = 3Mz.
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decrease in the scenarios A/A considered in Sec. IV.
The scenario A is the only one, out of the six defined
in Table I, that falls in the area of large B(x3 — x"h°)
for mgo = Mz. In Fig. 28, one can see the mg depen-
dence of widths and BR’s (already studied in Fig. 14 for
m 4o = 3Mz), when one sets m 40 = Mz. The influence
of mg on the decay width into a Higgs boson comes from
the radiative correction to mjo through the stop mass
[8]. After the low-mg range, where the invisible decay
X3 — De Ve is still dominant, we have an intermediate
range Mz < mo < 350 GeV, where the bb+ F signature
(corresponding to the decay into %Jh°) is largely domi-
nant. After that, the old pattern of Fig. 14 is recovered
with a large hadronic BR from x3 — %%¢g, through the
Z° exchange. As for the tan 3 dependence (Fig. 29), the
main effect of lowering m 40 with respect to Fig. 21 is
an extension of the tan 3 range where the decay into a
light-Higgs boson is relevant, from about (1-1.4) up to
about (1-2). Hence, the tan 3 range where the X3 decays
in something visible is quite widened, in the scenario A.

VI. THE RADIATIVE x5 DECAY

In this section, we study the BR for the decay x5 —
X17- Provided the mass difference (mgo — mye) is large
enough so as to give rise to a sufﬁcientiy energetic pho-
ton, this channel can produce a beautiful signature. A
monochromatic photon plus missing energy and momen-
tum should be observed. Although in all cases considered
in the previous sections, B(x3 — XxJ7v) never exceeds
15%, it can reach values as large as 100% in particular
regions of the u, M, tan 3 space, as we are going to show.

In Fig. 30, the B(x3 — x%v) in the (u, M3) plane
at fixed mo and tanf is studied. We will assume
m g0 = 3Mz everywhere. Indeed, although m 40 sets the
mass of the charged Higgs boson that flows in the virtual
loops (cf. Fig. 6), this parameter is less critical in this
study. We have checked that varying m 4o in the range
(Mz,1TeV) can change B(X3 — x%v) by at most +£10%
(with increasing BR when m 0 grows). The scenarios
studied in Fig. 30 assume either tan3 = 1.5 or 4. The
BR for the radiative channel decreases substantially at
larger tan 3. .urthermore, we set either my = Mz or
3Mz, as in the previous sections. One can distingnish
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a specific area where B(x3 — x%v) is large, which, par-
ticularly for large mgo values [cf. Fig. 30(c) and 30(d)], it
evolves roughly around the M, = —2u line. This corre-
sponds to the region where %? is a pure Higgsino B, while
X3 is mostly a photino (cf., e.g., Figs. 2.2 and 2.3 in
Ref. [3]). This situation hinders all the tree-level decays,
since the scalar-exchange decays require gaugino compo-
nents in both %9 and %3, while the Z°-exchange ones
need Higgsino components. By the way, the different
gaugino/Higgsino nature of the two lightest neutralinos
also depletes the x9x3 pair production in ete™ collisions.
In Fig. 30, also note that a large fraction of the high-
BR region lies in the area excluded by LEP 1 searches.
Nevertheless, one can single out particular situations (of
interest for LEP 2 physics and even beyond), where one
can have very large BR’s for the radiative channel.

For instance, in Fig. 31, we study two different scenar-
ios versus tanB: (i) p = —70GeV, My = 130 GeV, my =
Mz,3Mz,1TeV; (i) p = —120GeV, M, = 230GeV,
mo = Mz,3Mz,1TeV. The scenario (i) is of interest
for LEP 2 searches. For instance, for tan3 = 1.5, one
has mygo ~ 65 GeV and myo ~ 75 GeV. The scenario (ii)
concerns heavier neutralino states: for tan8 = 1.5, one
gets myo ~ 113 GeV and myo ~ 127 GeV.

Figure 30 shows that B(x3 — x{v) is particularly large
at moderate tan 3, although the total width can be as
low as a few 1073 eV. The BR is enhanced by increasing
mg, since this makes all the other decay widths decrease
further.

On the other hand, one can check that, at tan8 =
1, X9 and X9 are almost degenerate, while their mass
difference grows monotonically with tan 3. In order to
have a sufficiently energetic photon, e.g., E, > 10GeV,
one should restrict to tan8 2 1.5 in the case (i) and
to tanB X 1.35 in the case (ii), which imply (mg —
myge) R 10 GeV.

A more in-depth study of the case of large radiative
BR will be carried out in a forthcoming paper [13].
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