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The radiative decay of the next-to-lightest neutralino into a lightest neutralino and a photon is analyzed in
the minimal supersymmetric standard model. We find that significant regions of the supersymmetric parameter
space with large radiative branching ratios~up to about 100%! do exist. The radiative channel turns out to be
enhanced when the neutralino tree-level decays are suppressed either ‘‘kinematically’’ or ‘‘dynamically.’’ In
general, in the regions allowed by data from CERN LEP and not characterized by asymptotic values of the
supersymmetric parameters, the radiative enhancement requires tanb.1 and/orM1.M2 , and negative values
of m. We present typical scenarios where these conditions are satisfied, relaxing the usual relation
M15

5
3 tan

2uWM2, i.e., gaugino mass unification at the grand unified theory scale. The influence of varying the
top-squark masses and mixing angle when the radiative decay is enhanced is also considered. Some phenom-
enological consequences of the above picture are discussed.@S0556-2821~97!01503-8#

PACS number~s!: 14.80.Ly, 12.60.Jv

I. INTRODUCTION

Neutralinos ~x̃ i
0, i51,...,4; mx̃

1
0<•••<mx̃

4
0! are among

the lightest supersymmetric~SUSY! partners predicted in the
minimal supersymmetric standard model~MSSM! @1#.1 In
particular, thex̃ 1

0 is usually the lightest SUSY particle~LSP!.
Hence, for conservedR parity, x̃ 1

0 is always present among
the decay products of any superpartner, giving rise to large
amounts of missing energy and momentum in the final states
corresponding to pair production of SUSY particles inee,
pp̄, or ep collisions. The heavier neutralinos have in general
a rather complicated decay pattern towards the LSP, with
possible intermediate steps involving other neutralinos
and/or charginos as well as two-body decays with on-shell
Z0/W6, Higgs bosons of sfermions in the final states@2#.
Being the lightest visible neutralino, the next-to-lightest neu-
tralino x̃ 2

0 is of particular practical interest. It would be
among the first SUSY partners to be produced at the CERN
e1e2 collider LEP 2 and at the Fermilab Tevatron@3,4#.

The dominantx̃ 2
0 decay channels are, in general, tree-

level decays into a lightest neutralino and two standard fer-
mions through either a~possibly on shell! Z0 or sfermion
exchange. Accordingly, thex̃ 2

0 decays into ax̃ 1
0 plus al1l2,

n l n̄ l , or qq̄ pair. When x̃ 2
0 is heavier than the lightest

chargino, also cascade decays through ax̃ 1
6 can become

relevant. Hence, one can have, as final states,l1l 82n l n̄ l 8 ,
l6n lqq̄8, q1q̄18q2q̄28 , plus ax̃ 1

0. An additional possibility is
the two-body mode x̃ 2

0→x̃ 1
0h0(A0), when the Higgs

boson~s! is ~are! light enough@2,5#. This may give rise to
events with abb̄/t1t2 pair and missing energy and momen-
tum ~E” andp” ! in the detectors.

The radiativex̃ 2
0 decay into a photon and a lightest neu-

tralino x̃ 2
0→x̃ 1

0g provides a further decay channel with an
even more interesting signature. Analytical formulas for the
corresponding width can be found in Ref.@6#.2 Because of
the higher-order coupling, this channel is characterized in
general by rather low branching ratios~BR’s!. Nevertheless,
a comprehensive study of thex̃ 2

0 decay rates@5# shows that
there are regions of the SUSY parameter space where the
radiative decay is important and can even become the domi-
nant x̃ 2

0 decay.
In this paper, we perform a detailed phenomenological

analysis of the decayx̃ 2
0→x̃ 1

0g in the MSSM. In particular,
we analyze the regions of the SUSY parameter space where
the radiative decay is enhanced. Some asymptotic regimes
that give rise to large radiative BR’s have been considered in
Ref. @6#. In these particular cases, a considerable hierarchy is
present among the different mass parameters of the MSSM
Lagrangian, that by now corresponds to regions of the SUSY
parameter space either partly or entirely excluded by LEP
searches. In our study, we go beyond such asymptotic sce-
narios and consider regions of the SUSY parameter space
where the parametersM1,2 and umu have values roughly in-
cluded in the range [MZ/4, 4MZ]. We relax the usual con-
dition on the electroweak gaugino massesM15

5
3 tan

2uWM2,
which holds@through one-loop renormalization group equa-
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1In this paper, by MSSM we refer to the supersymmetric exten-

sion of the standard model with minimal gauge group and particle
content. No additional assumptions~such as unification assumptions
at a large scale! are understood, unless explicitly stated.

2In checking the results of Ref.@6#, we found that the first line in
Eq. ~59!, p. 281, should be more properly written as

GL52 cosut@T3tZi
~2!1ettanuWZi1#1sinutZi4

mt

mWsinb
.

In this way, it can also be correctly generalized to thef5b,t,...
case, by substitutingT3t, et , u t→T3 f , ef , u f .
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tions ~RGE’s!# when one assumes their unification at a scale
MGUT'1016 GeV, where the gauge couplings assume the
same value.3 In this paper, we will treatM1,2, as well as the
masses of the individual sfermions, as low-energy, free pa-
rameters. As for the sfermion masses, we will assume for
simplicity, some common value~or two different values for
sleptons and squarks!, whenever the individual mass values
are not particularly relevant for the analysis.

As we will show, taking bothM1 andM2 as free param-
eters can produce new interesting scenarios beyond the ones
already considered in Ref.@5#. In that paper, we already
singled out some regions of the parameter space where the
tree-level x̃ 2

0 decays are suppressed andB(x̃ 2
0→x̃ 1

0g) is
large. There, we partly misinterpreted the origin of the sup-
pression in a few points of the most promising regions in the
~m,M2! plane, ascribing it to the particular physical compo-
sition of x̃ 1,2

0 . It will be clear from the following more com-
plete analysis that in those scenarios akinematicalsuppres-
sion of the tree-level decays can be effective, in addition to a
dynamicalone. We indeed noticed in Ref.@5#, that the two
lightest neutralinos are nearly degenerate in the interesting
cases and that their mass difference (mx̃

2
02mx̃

1
0) grows

monotonically with tanb. Now, we will show how different
mechanisms can contribute to the radiative BR enhancement.
These scenarios will be thoroughly analyzed by a systematic
investigation of the regions of the SUSY parameter space
where a largeB(x̃ 2

0→x̃ 1
0g) regime may be present. For in-

stance, adynamicalsuppression of thex̃ 2
0 tree-level decays

occurs whenx̃ 1
0 and x̃ 2

0 have a different dominant physical
composition in terms of gauginos and Higgsinos.

The latter scenario can have particular relevance for ex-
plaining events like thee1e2gg1E” T event recently ob-
served by the Collider Detector at Fermilab~CDF! Collabo-
ration at the Tevatron@7#. That event, characterized by the
presence of hard photons, electrons, and large missing trans-
verse energy, can be hardly explained within the standard
model~SM!. A possible solution to this puzzle can be found
within the minimal SUSY models, by interpreting the CDF
event as a result of selectron-~or chargino-! pair production,
provided a large BR for the neutralino decay into a LSP and
a photon is predicted. More generally, the presence of a large
radiative neutralino decay BR is crucial to obtain, within
SUSY high rates for final states associated to a signature of
the kindgg1X1 E” , whereX5 l1l (8)2, qq̄,..., ornothing.

Two different SUSY ‘‘models’’ have been proposed up to
now to explain thee1e2gg1E” T CDF event@8,9,10#.4 The
first one arises within theories with low-energy supersymme-
try breaking, where the breaking is transmitted to the visible
sector by nongravitational interactions@12#. In such a sce-
nario, the gravitinoG̃ turns out to be naturally the LSP and,
if light enough~i.e., formG̃&1 keV!, it can couple to stan-

dard SUSY particles strongly enough to be of relevance for
collider phenomenology@13#. If one assumes that the lightest
standardSUSY particle is still the lightest neutralino andR
parity is conserved, all the heavier SUSY particles produce,
at the end of their decay chain,~at least! one x̃ 1

0. Then, x̃ 1
0

decays radiatively,x̃ 1
0→G̃g , through its photino component,

if the latter is not tuned to zero@14#. Assuming thex̃ 1
0 radia-

tive decay occurs well into the detector~i.e., close enough to
the main vertex, which requiresmG̃&250 eV!, such a model
can provide a satisfactory explanation of thee1e2gg1E” T
event @8,9#. Once low-scale SUSY breaking and very light
gravitino scenarios are trusted, the presence of a large-BRx̃ 1

0

radiative decay and the consequent signature of hard and
central photons and missing energy are almost automatic
@8,9,14#. Although quite general, such a hypothesis does not
allow to predict much about the SUSY parameters apart from
mG̃ . In particular, an interpretation of the CDF event within
this framework can single out some ranges for the physical
masses of the involved particles only on the basis of a careful
analysis of the kinematical characteristics of the event@8,10#.
No specific statements about the values of the parameters in
the SUSY Lagrangian~M1,M2, m, tanb, etc.! and, hence, no
detailed predictions of the general related collider phenom-
enology can be achieved.

Somehow opposite is the situation if the CDF event~or a
generalgg1X1E” event! is explained within the MSSM,
where the gravitino is heavy, the lightest neutralino is the
LSP and the hard photons and the missing energy are due to
the one-loopx̃ 2

0→x̃ 1
0g decay@8,10#. In this case, a certain

adjustment of the MSSM parameters is required~both in the
dynamical- and in thekinematical-enhancement scenarios! in
order to get large radiative BR’s and large rates for events
with hard central photons and missing energy. Also, if the
hard photons are emitted by rather softx̃ 2

0’s, thedynamical
enhancement is the most effective mechanism in this respect.
Then, one is in general able to select rather narrow ranges of
the SUSY parameters, if thegg1X1E” events are inter-
preted in this framework@8,10#. Hence, such a framework
can be quite predictive also about the SUSY collider phe-
nomenology that should show up in the future.

In this work, we intend to investigate the latter hypothesis
in a general framework. We simply look for regions in the
usual MSSM parameter space where thex̃ 2

0→x̃ 1
0g decay

has sizeable BR’s. We find that in order to have a large
B(x̃ 2

0→x̃ 1
0g) ~up to about 100%! one needs in general

tanb.1 and/orM1.M2 , in addition tom,0.5 This is a quite
general requirement, while further conditions on the gaugino
mass parametersM1, M2, the Higgsino massumu, and tanb
can guarantee either adynamicalor a kinematicalenhance-
ment ofB(x̃ 2

0→x̃ 1
0g). These two possibilities will give rise

to rather different spectra for the emitted photons.
The effects onB(x̃ 2

0→x̃ 1
0g) of varying all the masses in

the sfermion sector is also considered. In particular, the char-
acteristics of the top squark sector are quite relevant for the
radiative decay width@16,17,6#. In our previous studies@3,5#,

3Note that this not necessarily corresponds to relaxing all the
gaugino mass unification conditions. One can still imagine thatM2
andM3, that is the parameters which correspond to non-Abelian
gauge groups, unify in the usual way, while the unification relation
betweenM1 andM2 may be different from the usual one and un-
known.
4As we were completing this paper, three other papers appeared

which discuss the CDF event in various contexts@11#.

5In this paper, we follow the same convention as in Ref.@1# for
the sign ofm. We also assumeM1,2>0 and tanb>1. Note that large
values of tanb~*60! are disfavored by a radiative electroweak sym-
metry breaking in the MSSM@15#
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we assumed all the left and right squarks degenerate in mass,
in order to simplify the multiparameter dependence of the
neutralino phenomenology. We also neglected the effects of
a possible stop mixing. Here, we will examine the general
case and we will see that the behavior of theB(x̃ 2

0→x̃ 1
0g)

can be affected by the top squark-sector parameters in dif-
ferent ways when the radiative BR is enhanceddynamically
or kinematically.

The outline of the paper is the following. In Sec. II, we
review the theory of the radiative neutralino decay in the
MSSM and fix the notations. We also introduce the possible
scenarios where a largeB(x̃ 2

0→x̃ 1
0g) regime can arise. In

Secs. III and IV, respectively, we go through the SUSY pa-
rameter regions where adynamicaland akinematicalen-
hancement of the radiative decay can take place. In Sec. V,
we perform a numerical analysis of the radiative BR in the
relevant parameter regions. Finally, in Sec. VI, we study the
top squark sector influence on the radiative neutralino decay.
In Sec. VII, we draw our conclusions.

II. ENHANCED B„x̃ 2
0
˜x̃ 1

0g… REGIMES

The radiative neutralino decay receives contributions, in a
convenient gauge@6#, from 16 graphs with all the charged
~both SUSY and non-SUSY! standard particles flowing in
the loop. The corresponding Feynman diagrams are dis-
played in Fig. 1. As a result,x̃ 2

0→x̃ 1
0g is a very interesting

process in itself, since it is influenced, to some extent, by all
the parameters and sectors of the MSSM. However, being of
higher order with respect to the main tree-level decays, the
channelx̃ 2

0→x̃ 1
0g typically has a BR not larger than a few

percent. In previous studies@16#, the possibility that
B(x̃ 2

0→x̃ 1
0g) gets large in the special casex̃ 2

0.H̃, x̃ 1
0.g̃

has been considered, according to approximate formulae for
the matrix element of the process, including only the main
contributions from theW6/x̃6 and t/ t̃1 loops. In Ref.@6#,
after the full calculation of the matrix element and the decay
width, two examples of scenarios with largeB(x̃ 2

0→x̃ 1
0g)

are given, in two different limits.Asymptoticvalues of the
relevant SUSY parameters, according to which the actual
radiative processes areg̃→H̃g and H̃1→H̃2g, are consid-
ered ~see below!. In Ref. @5#, by using the full calculation
and assuming the gaugino-mass unification, we stress the
presence ofnonasymptoticregions of the parameter space,
where the radiative process is still enhanced. In the following
more general approach, we show that all the above scenarios

are just particular realizations of the two main enhancement
mechanisms for the radiative decay BR.

The naive expectation that the BR forx̃ 2
0→x̃ 1

0g is negli-
gible with respect to the BR’s for the tree-level neutralino
decays is not realized whenever the latter channels are sup-
pressed for reasons that either do not affect or affect to a
minor extent the radiative process. This can happen basically
in two cases.

A. Dynamical suppression

Neutralinos are in general superpositions of gauginos~g̃
and Z̃! and Higgsinos~H̃a and H̃b!.

6 The couplings of sfer-
mions to neutralinos involve only the gaugino components
@apart from termsO(mf /MW), wheremf is the mass of the
standard fermion also entering the vertex#, while theZ0 only
couples through Higgsinos@1,17#. Then, the direct tree-level
decaysx̃ 2

0→x̃ 1
0f f̄ require either simultaneous gaugino com-

ponents in bothx̃ 1
0 and x̃ 2

0 ~for the sfermion-exchange pro-
cess! or simultaneous Higgsino components~for the
Z0-exchange process!. This is partly true even when the ex-
changed particles are on their mass shell, that is when the
two-body channelsx̃ 2

0→ f f̃ and/orx̃ 2
0→Z0x̃ 1

0 are open. The
above requirement does not hold for the radiative decay,
since in general both the gaugino and Higgsino components
of neutralinos are involved in each graph of Fig. 1, apart
from the diagrams~a! and ~b! for a massless fermionf .
Hence, wheneverx̃ 1

0(x̃ 2
0) is mainly a gaugino whilex̃ 2

0(x̃ 1
0)

is dominated by the Higgsino components, the tree-levelx̃ 2
0

width for direct decays falls down and theB(x̃ 2
0→x̃ 1

0g) is
enhanced. For pure gaugino and Higgsino states,
B(x̃ 2

0→x̃ 1
0g) can reach 100%. In particular regions of the

parameter space, this picture can be modified by the presence
of a light chargino. Indeed, the cascade decaysx̃2

0

→x̃1
6(→x̃1

0f 1 f̄ 18) f 2 f̄ 28 , when kinematically allowed, can
take place even for different physical composition of the two
neutralinos, throughW6-exchange graphs involving both
W̃3’s and H̃ ’s. Note that a different dynamical suppression
~that we call reduced dynamical suppression! of the tree-
level direct decays can take place when the sfermions are
heavy and theZ0-exchange channel is dynamically sup-
pressed by the presence of a dominant gaugino component in
at least one of the two neutralinos. The latter case will be of
some relevance in our following numerical analysis.

As for the decays into Higgs bosons, whenmh0(mA0)
,(mx̃

2
02mx̃

1
0), the two-body channelsx̃ 2

0→x̃ i
0h0(A0), open

up too. Naively, the latter do not seem to suffer from any
dynamical suppression, since the MSSM predicts the vertex
Z̃H̃ ih

0(A0). However, we will see that an effective dynami-
cal suppression can be achieved when one of the two lightest
neutralinos is dominated by ag̃ component~not just any
gaugino!. In this case, due to the absence of theg̃H̃ ih

0(A0)
vertex, the neutralino decays into Higgs bosons are depleted
as well, and theB(x̃ 2

0→x̃ 1
0g) can still be non-negligible.

6For the neutralino or chargino sectors, we use notations similar to
Refs. @17, 18#. In particular, for the neutralino mixing matrix, we
use the basis (g̃, Z̃, H̃a , H̃b), instead of (B̃, W̃3 , H̃1 , H̃2), used
in Ref. @1#. This choice is particularly suitable for our purposes.

FIG. 1. Feynman diagrams for the radiative neutralino decay
x̃ 2
0→x̃ 1

0g, in the gauge of Ref.@6#. For each graph shown, there is
a further one with clockwise circulating particles in the loop.
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B. Kinematical suppression

Whenx̃ 2
0 andx̃ 1

0 tend to be degenerate in mass, the widths
for the differentx̃ 2

0 decay channels approach zero differently
as the quantitye5(12mx̃

1
0 /mx̃

2
0) vanishes. For the radiative

decay, one has@6#

G~x̃2
0→x̃1

0g!5

gx̃
1
0x̃

2
0g

2

8p

~mx̃
2
0

2
2mx̃

1
0

2
!3

mx̃
2
0

5 e→0̃

gx̃
1
0x̃

2
0g

2

p
mx̃

2
0e3,

~1!

where gx̃
1
0x̃

2
0g}eg2/16p2 is an effective coupling arising

from the one-loop diagrams in Fig. 1~in general a compli-
cate function of all the masses and couplings to neutralinos
of the particles circulating in the loops!.

On the other hand, the three-body direct tree-level decays
receive contributions from eitherZ0-exchange graphs or
sfermion-exchange graphs. The former, involving the
Higgsino components only, in the same limit, lead to@6,17#

G~x̃2
0→x̃1

0f f̄ !Z0 exch e→0̃

g4f wf H̃
p3

mx̃
2
0

5

MZ
4 e5, ~2!

where f w;1022 and f H̃ is a number<1, depending on the
Higgsino content of the neutralinos~for pure Higgsinos,f H̃
51!. Equation~2! implies a sum over five~six! flavors of
final-state quarks~leptons!. Finally, for the sfermion ex-
change, one has

G~x̃2
0→x̃1

0f f̄ ! f̃ exch e→0̃

g4f w8 f g̃ Z̃

p3

mx̃
2
0

5

m
f̄

4 e, ~3!

where f w8 ;1022 and f g̃ Z̃ is a number<1, depending on the
photino andZ-ino content of the neutralinos.

As for the interference term of theZ0 and sfermion ex-
change graph, we expect an intermediate behavior between
Eqs. ~2! and ~3!. This implies that, whenever in the direct
decay the sfermion exchange is suppressed with respect to
the Z0 exchange~either because of large Higgsino compo-
nents inx̃ 1,2

0 or because of rather heavy sfermions! the ratio
of the direct tree-level- and the radiative-decay widths tends
to vanish ase2, when e→0 (mx̃

2
0→mx̃

1
0). Hence, e.g., for

(mx̃
2
02mx̃

1
0);10 GeV, andmx̃

1,2
0 'MZ , the radiative decay

BR will receive a factor of enhancement;102 from kine-
matics. Also, the standard fermions in the final state of
x̃ 2
0→x̃ 1

0f f̄ can have a non-negligible mass when neutralinos
are degenerate within a few GeV~e.g., whenf5t,b!. The
latter may be an additional factor of depletion for the tree-
level decays.

Regarding the cascade decays through light charginos,
they are, in the same limit of negligible sfermion-exchange
contributions, at least as kinematically suppressed as the nor-
mal direct three-body decays~indeed,mx̃

2
0.mx̃

1
6.mx̃

1
0 and

theW6-exchange graph behaves like theZ0 exchange!. On
the other hand, in general, this class of decays will not be
suppressed by a small coupling of the kindf wf H̃ in Eq. ~2!.
Furthermore, the two-body decay into Higgs bosons cannot
take place when the mass difference between the two lightest
neutralinos is less than a few tenths of GeV, because of the
current experimental limits onm(h0) andm(A0) @19#.

The conditions~a! and ~b! can be translated into require-
ments on the SUSY parameters tanb, m, M1, andM2, which
set the mass matrix of the neutralino sector. The tree-level
neutralino mass matrix reads, in the convenient basis@2i g̃,
2i Z̃, H̃a5H̃1 cosb2H̃2 sinb, H̃b5H̃1 sinb1H̃2 cosb#:

Mx̃05FM1cos
2uW1M2sin

2uW ~M22M1!sinuWcosuW 0 0

~M22M1!sinuWcosuW M1 sin
2uW1M2cos

2uW MZ 0

0 MZ m sin2b 2m cos2b

0 0 2m cos2b 2m sin2b

G . ~4!

It is easy to recognize in Eq.~4! two 232 blocks, which
correspond to~i! the gaugino mass terms, parametrized by
M1 andM2 and mixed by the weak angle~their source is soft
SUSY breaking!, and ~ii ! the Higgsino mass terms, param-
etrized bym and tanb5v2/v1 , whose source is a SUSY term
in the MSSM Lagrangian, which mixes the Higgs doublets.
Then, there are only two off-diagonal entries non included in
the two 232 blocks, corresponding toH̃a-Z̃ mixing terms

and equal toMZ , which come from theHH̃Z̃ couplings and
the SUSY Higgs mechanism. As a consequence, apart from
the asymptotic cases whereM1,2 and/or umu are much larger
than theZ0 mass, it is not possible to have either a pureZ̃ or
a pureH̃a . Hence, whenever a neutralino has a sizeableZ̃
component, it must have a sizeableH̃a component as well
~and vice versa!. This means that a neutralino can be a pure
gaugino only when it is a photino, and a pure Higgsino can

only be of the H̃b-type ~sometimes called ‘‘symmetric
Higgsino’’, with notationH̃S!. Note also that whenM15M2
~or tanb51! the off-diagonal terms within the 232 gaugino
~or Higgsino! block disappear. The limits (M12M2)→0 and
tanb→1 will be crucial for the enhancement of the neutralino
radiative decay.

The outcome of the neutralino mass matrix~4! in terms of
the neutralino physical compositions and mass eigenstates
has been extensively studied in Ref.@18#. We use the results
of that analysis and concentrate here on what is relevant in
order to realize either a dynamical or a kinematical enhance-
ment of thex̃ 2

0→x̃ 1
0g decay.

As already mentioned, someasymptoticregimes, where
x̃ 2
0→x̃ 1

0g is enhanced, were anticipated in Ref.@6#. Some
enhancement is expected in the following two cases.

~i! Light-Neutralino Radiative Decay ~M1 , M2 ,
umu!MZ !. Then, a dynamicalx̃ 2

0→x̃ 1
0g enhancement is re-
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alized, sincex̃ 1
0→g̃ and x̃ 2

0→H̃b or vice versa. In Ref.@6#,
the limit m50, g̃→H̃g is treated analytically. Such small
values of the parameters are not yet excluded by LEP data,
provided 1<tanb&2 ~what is called sometimes ‘‘light
Higgsino-gaugino window’’@20#!. In fact, in this particular
region, a number of things happens:~a! when umu/MZ ,
M2/MZ→0, the chargino mass generally satisfies the current
LEP lower bounds;~b! if also M1/MZ→0, the neutralino
mass eigenstates areg̃,H̃b ~with mass eigenvalue→0! and
the symmetric and antisymmetric combinations ofZ̃ andH̃a
~with mass→MZ!. Then, when tanb→1, the light H̃b de-
couples and the neutralinos can only interact with theZ0

boson through the vertexZ0H̃aH̃b , which is largely sup-
pressed by the phase space at LEP1 energies, since [m(H̃a)
1m(H̃b)].MZ . As a result, the data on theZ0 peak can
hardly constrain this particular region. For instance, in Ref.
@21#, the analysis is performed by considering the bounds on
G(Z0→x̃ 1

0x̃ 1
0) from the invisible Z0 width and those on

G(Z0→x̃ 1
0x̃ 2

0 , x̃ 2
0x̃ 2

0) from the direct search of neutralinos.
However, only the decaysx̃ 2

0→x̃ 1
0Z(* )→x̃ 1

0f f̄ are fully
taken into account, while the radiative decay, although gen-
erally dominant in this region, is not properly stressed. In the
analysis of Ref.@20#, a tighter BR bound from the radiative
neutralino decay has been included as well as the effects of
data taken atAs aboveMZ . In spite of that, part of the region
in the ~m, M2! plane withM2, umu&10 GeV still survives for
m,0 and tanb close to 1. This region is wider whenM1 is
taken as a free parameter and allowed to be quite larger than
M2. Some significant improvements in probing the above
region could come from a careful analysis of the data of the
recent LEP short runs atAs5130 and 136 GeV and those of
the near future atAs5161 and 172 GeV. If the light
gaugino-Higgsino scenario is realized, all charginos and neu-
tralinos are expected to have masses in the kinematical reach
of LEP2 and should not escape detection.

~ii ! Higgsino-to-Higgsino Radiative Decay ~umu,
MZ!M1 , M2'TeV!. This corresponds to a particular as-
ymptotic case of the kinematicalx̃ 2

0→x̃ 1
0g enhancement. In-

deed, in this situation the two lightest neutralinos have nearly
degenerate masses close toumu, and are both almost pure
Higgsinos. Hence, the direct tree-level decays can only pro-
ceed throughZ0-exchange graphs and the ratio between the
corresponding width and theH̃1,2→H̃2,1g width can be ob-
tained from Eqs.~2! and~1!, and is independent of the sfer-
mion masses. In a sense, this is an optimization of the
kinematical-suppression mechanism, since the presence of
contributions from the sfermion-exchange diagrams tends to
cancel this suppression@cf. Eq. ~3!#. On the other hand, in
the present case, the factorf H̃ in the numerator of Eq.~2! is
close to its maximum 1, hence depleting the radiative-BR
enhancement. In the asymptotic limit@6#, one finds

G~H̃1→H̃2g!

G~H̃1→H̃2f f̄ !
;0.3C2aemF M1M2

m~M11M2tan
2uW!

G 2, ~5!

whereC is a number of order unity weakly dependent on the
ratio M W

2 /m2. Here, for largeM1,2, values ofumu&MZ/2 are
generally already excluded by LEP1–LEP1.5 data, since
they lead to chargino masses lighter than 45–50 GeV.
Hence, Eq.~5! tells us that one needsvery large values of
M1,2 to get a significant enhancement of the radiative decay

through this mechanism. In addition, in this region,x̃ 2
0 can

often decay through cascade channels into a lighter chargino
with a non-negligible branching fraction. Numerically, by
using the full formulas, we checked thatB(x̃ 2

0→x̃ 1
0g)&10%

always forM1,2&2–3 TeV, andumu*45–50 GeV. Further-
more, it turns out that to have a sizeable radiative decay in
this case~that is to suppress both direct and cascade tree-
level decays!, one always has to enforce the condition
(mx̃

2
02mx̃

1
0)&2–3 GeV, which critically restricts the pho-

ton energy.
Note that, for nearly degenerate Higgsinos, the radiative

corrections may actually spoil the enhancement mechanism
or, at least, render the tree-level analysis rather inaccurate.
For instance, the Higgsino-mass splittings in this region can
receive radiative corrections as large as their tree-level val-
ues@i.e., up to6~5–10! GeV#, if the mixing between the two
top squarks is large@22#.

Now, we want to extend the quoted studies by analyzing
the more general framework where either a dynamical or a
kinematicalx̃ 2

0→x̃ 1
0g enhancement can be realized, without

assuming any particular hierarchy between the SUSY param-
eters and relaxing the usual unification condition on the
gaugino masses. We will not concentrate on particular limits
of the SUSY parameters such asM1 or M2→0 or umu→0,
since they have been either already excluded by LEP data or
discussed above.

In the following, we will neglect the effects of the radia-
tive corrections on the neutralino mass matrix elements. In
Ref. @23#, the full calculation has been carried out. Regarding
the radiative corrections to the neutralino mass eigenvalues,
they are found to be generally at the level of 3–8 % and of
the same sign~positive! for all the mass eigenvalues. Only
occasionally, the lightest neutralino mass can receive larger
corrections. No conclusion can be easily extracted from that
analysis about whether or not and how much the radiative
corrections may change the composition of a neutralino
eigenstate and, in particular, to what extent, for instance, an
almost pure photino at the tree level, could turn out to be a
more mixed state at the one-loop level. Our scenarios for an
enhanced radiative-decay regime rely on a certain amount of
adjustment between different SUSY parameters in order to
get either pure compositions for the eigenvectors or degen-
eracy for the eigenvalues of the neutralino mass matrix. As
for the kinematical-enhancement mechanism, we will show
that a mass difference (mx̃

2
02mx̃

1
0);10 GeV, with mx̃

1,2
0

'MZ , is in general sufficiently small to get aB(x̃ 2
0→x̃ 1

0g)
of order 40% or more. Since the higher-order corrections to
the neutralino masses have generally a fixed sign, one can
expect a common shift of the different masses, while the
relative mass differences change only slightly. Thus, we ex-
pect that the kinematical suppression keeps almost un-
changed for (mx̃

2
02mx̃

1
0);10 GeV and that our treatment

substantially holds even after radiative corrections, with a
possible slight redefinition of the interesting regions in the
SUSY parameter space. Concerning the dynamical-
enhancement mechanism, similar arguments may be used,
although in this case there are less clues to guess the effects
of radiative corrections. However, we will see that the
amount of parameter adjustment required for the mechanism
to be effective is not very large. For instance, there are sig-
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nificant regions in the parameter space whereu^x̃ 1,2
0 uH̃b&u

2

and/oru^x̃ 2,1
0 ug̃&u2 areonly about 0.8 and the dynamical sup-

pression is still effective, with theB(x̃ 2
0→x̃ 1

0g) of order
50% or more. Hence, an adjustment of the parameters at the
level of 20% should survive the inclusion of the radiative
corrections.

An additional remark is due for the case of the kinemati-
cal enhancement mechanism. Since the latter arises from
situations where the two lightest neutralinos are close in
mass, a too strong degeneracy may prevent the experimental
detection of thex̃ 2

0 decay, due to the emission of too soft
photons. In general, one can ensure the presence of a useful
experimental signature and the phenomenological relevance
of the neutralino radiative decay by requiring (mx̃

2
02mx̃

1
0)

*10 GeV. This, of course, effectively depletes the actual
B(x̃ 2

0→x̃ 1
0g) that can be achieved by the kinematical

mechanism in a real experimental framework. On the other
hand, if the available c.m. energy is large enough, thex̃ 2

0 can
receive a sizeable boost, even when (mx̃

2
02mx̃

1
0) is very

small ~for instance, when produced in association with ax̃ 1
0

at LEP2, or with ax̃ 1
6 at the Tevatron!. In order to assess to

what extent this is true, one can take into account that, as-
suming an isotropic radiative decay of the producedx̃ 2

0 ~that
is neglecting spin-correlation effects!, the resulting photon
has a flat energy distribution in the laboratory, with end
points:

E~g!min,max5S E2

mx̃
2
0
7A E2

2

mx̃
2
0

2 21D S mx̃
2
0

2
2mx̃

1
0

2

2mx̃
2
0

D ,
whereE2 is the production energy of thex̃ 2

0 in the labora-
tory.

III. DYNAMICAL x̃ 2
0
˜x̃ 1

0g ENHANCEMENT

As already seen, requiring one pure gaugino and one pure
Higgsino eigenstate from the matrix~4! implies both:

M15M2 ~6!

and

tanb51. ~7!

One then has a pureg̃ with massM1(5M2) and a pureH̃b
of mass~–m! in the neutralino spectrum. In this limit, the
other two neutralinos are mixtures ofH̃a and Z̃ with mass
eigenvalues~including their sign!7 @18#

m
H̄a2 Z̃

~6 !
5
1

2
@M21m6A~M22m!214MZ

2# ~8!

and mixing angle

H sinfcosfJ 5
1

&
F16

M22m

A~M22m!214MZ
2G 1/2 ~9!

Requiring that the pure states correspond to the lightest neu-
tralinos,x̃ 1

0 andx̃ 2
0, the absolute values of both the eigenval-

ues in Eq.~8! have to be larger than bothM1 ~orM2! andumu.
In the parameter space not yet excluded by the LEP data, this
can be achieved only if

m,0. ~10!

Indeed, whenm is positive, the smallest absolute value in Eq.
~8! corresponds to choosing the negative sign before the
square root. It is then sufficient to look atmH2Z

(2) . The latter is
always smaller~greater! than bothm andM2, wheneverm
andM2 are larger~smaller! thanMZ/2. On the other hand, if
m,MZ/2,M2 or M2,MZ/2,m, mH2Z

(2) can still ~but not
necessarily has to! be large enough to allow the mass order-
ing needed for the dynamical suppression. However, values
of M2 and/or umu&MZ/2, with m positive, are generally ex-
cluded by LEP data. This is true either because of the
chargino-mass bound, or because of the direct searches of
neutralinos, even without gaugino-mass unification assump-
tions, and even in that window with very smallumu andM2
we treated above, for any tanb. As a result, the dynamical
enhancement can be present only form,0. Note that the
eigenvaluemH2Z

(2) corresponds to a massless neutralino when
m5M25MZ .

Quite different is the situation form,0. Points in the
SUSY parameter space wheremH2Z

(6) are both heavier than
umu andM2 do exist for small values ofumu and/orM2. This is
also true for large values ofumu andM2, i.e., far away from
the LEP exclusion region. For instance, let’s examine the
case m52MZ . In this case, whenever 0<M2,MZ/2,
umH2Z

(1) u is always less thanumu and corresponds to the next-
to-lightest neutralino, the lightest one being the photino with
massM15M2 . Then, no dynamical enhancement can take
place. ForMZ/2,M2,MZ~11)!/2, the neutralino eigen-
states corresponding tomH2Z

(6) are always the two heaviest
ones. Then, the radiative decayH̃b→g̃g, for M2,MZ , or
g̃→gH̃b , for M2.MZ , benefits from a strong dynamical
suppression of the tree-level decays. WhenM2 gets larger
than 1.37MZ , mH2Z

(2) becomes the next-to-lightest neu-
tralino, whileH̃b is the lightest one. Once more, no dynami-
cal enhancement can occur. This rather complex behavior
generates sharp and well outlined contours for the
B(x̃ 2

0→x̃ 1
0g) in the (M1 ,M2) plane, in the vicinity of the

diagonalM15M2 ~see Sec. V!.
Of course, when (M12M2) and~tanb21! go away from

0, all the arguments given above, including the condition
~10!, have to be intended in a weaker sense. Large radiative
BR’s can be obtained, even in points of the parameter space
whereuM12M2u&MZ/2 and tanb&2. As for the validity of
the condition~10! in a less restricted case, one has to note
that a massless~or very light! state is present whenever the
equation

M1M2m5~M1cos
2uW1M2sin

2uW!MZ
2sin2b ~11!

approximately holds@18#. This implies a positivem. For gen-
eral values ofM1,2 and tanb, this state is a superposition of

7Of course, the physical neutralino masses are always positive, but
the sign of the mass eigenvalue has its own physical meaning, being
connected to the neutralinoCP quantum numbers and entering the
expressions, in the basis we adopt, of the Feynman amplitudes for
processes involving neutralinos@1,17,18,24#
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all the four interaction eigenstates. When (M12M2)→0 its
photino component tends to vanish, while itsH̃b component
gets smaller and smaller as tanb→1. Hence, in general, in a
wide region in the vicinity of the curve defined by Eq.~11! in
the plane (M1 ,M2), the lightest neutralino~or the next-to-
lightest one! is a mixed state made of Higgsino–Z-ino and
no dynamical-enhancement mechanism can be present, even
if M1.M2 and tanb.1.

In our numerical analysis, we have not found any case of
sizeable dynamical suppression for positive values ofm, in
the allowed regions. Note that, for a positivem, a very light
chargino can be present. In particular, if

M2m5MW
2 sin2b ~12!

the light chargino is massless. This gives rise to ‘‘forbidden’’
regions in the SUSY-parameter space in the positive-m case,
where our basic assumption LSP5x̃ 1

0 may not be satisfied.
On the other hand, even ifmx̃

1
6.mx̃

1
0, the chargino often

turns out to be lighter than thex̃ 2
0, opening the cascade chan-

nels, which do not suffer from dynamical suppression. This
happens, for low tanb, only rarely form,0 and often for
m.0, and provides a further explanation for the lack of sig-
nificantB(x̃ 2

0→x̃ 1
0g)-enhancement regions in the positive-m

case.
In order to get a general insight of the neutralino physical

composition pattern, we show in Figs. 2–4 the behavior in
the (M1 ,M2) plane of the quantitiesA5^x̃ 1

0ug̃&2^x̃ 2
0uH̃b&

2

andB5^x̃ 1
0uH̃b&

2^x̃ 2
0ug̃&2 ~A, B,1!, which express the neu-

tralino physical purity in the dynamical enhancement frame-
work. We also study the effect of varying both them and
tanb values in the interesting ranges. In the following, we
will see that, in order to achieve an appreciable dynamical
enhancement ofB(x̃ 2

0→x̃ 1
0g), eitherA or B should be as

high as 0.8–0.9. This condition is fulfilled in a substantial
portion of the (M1 ,M2) plane, for low tanb. As expected,

considerably high values8 of A, B can generally be achieved
for M1.M2 , when tanb is close to 1. Some deviations from
the expected behavior in the limitM15M2 and tanb51 we
treated above are due to our choice tanb51.2. In general, the
presence of contour lines that delimit an abrupt change of
regime in eitherA or B generally corresponds to a crossing
in the mass ordering of a physically ‘‘pure’’ neutralino and a
‘‘mixed’’ state ~or of two ‘‘pure’’ states!.

For instance, in Fig. 2, proceeding along theM15M2
diagonal from small to largeM1,2 values, one can single out
four different regimes and this can be explained by the dis-
cussion above. The behavior ofA andB along this diagonal
is of particular interest, as anticipated. Indeed, the latter is
the only region whereA, B can substantially exceed the 0.8
level and the dynamical enhancement mechanism can be
fully effective. WhenM1,2&150 GeV, the lightest neutralino
is an almost pure photino with mass close toM1,2 and the
next-to-lightest neutralino is a mixed Higgsino–Z-ino state
with mass close to Eq.~8!1 ~the1 refers to the sign consid-
ered in the equation!. Also, x̃ 3

0'H̃b with mass close to2m,
and x̃ 4

0 is the other mixed state with mass close to the abso-
lute value of Eq.~8!2 . For 150 GeV&M1,2&2m52MZ the
mostly H̃b and the lighter mixed states exchange their role,
becoming thex̃ 2

0 and thex̃ 3
0, respectively. This arrangement

is then suitable for a dynamicalB(x̃ 2
0→x̃ 1

0g) enhancement
with x̃ 1

0.g̃ and x̃ 2
0.H̃b @cf. Fig. 2~a!#. For 2MZ

&M1,2&200 GeV, the mass ordering of the dominantlyg̃
andH̃b states is exchanged, but one still has a scenario with
dynamical enhancement@cf. Fig. 2~b!#. Note also that the
two mixed states exchange their role as well, the one corre-
sponding to the negative mass eigenvalue becoming lighter
than the other. This double level crossing actually takes

8Note that in the ‘‘democratic’’ casêx̃ i
0ug̃&25^x̃ i

0uH̃b&
251/4,

i51, 2, one would haveA5B51/16 only.

FIG. 2. Contour plot for the quantities:~a! A5^x̃ 1
0ug̃&2^x̃ 2

0uH̃b&
2 and ~b! B5^x̃ 1

0uH̃b&
2^x̃ 2

0ug̃&2 ~A,B<1!, in the case tanb51.2,
m522MZ . A and B give a hint of the ‘‘purity’’ of the limit x̃ 1

05g̃, x̃ 2
05H̃B or vice versa. The line corresponding to gaugino-mass

unification is also shown.
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place in the highly degenerate pointM15M252m sin2b
.179.4 GeV, where all the contour levels in Fig. 2 tend to
crowd. Points of this kind will turn out to be of relevance for
the kinematical mechanism too~cf. Sec. IV!. Finally, when
M1,2*200 GeV the negative eigenvalue corresponding to the
mixed state crosses the mass level~.M1,2! of the almost
pure photino, which then becomes thex̃ 3

0. Then, the dynami-
cal mechanism stops working, in spite of the presence of an
almost pureH̃b as x̃ 1

0.
In Fig. 3, we show how the general picture forA andB

evolves whenm goes from22MZ to 2MZ . One can check
that the situation is qualitatively similar to the previous case,
once the whole structure of the contour plots in the (M1 ,M2)
plane is shifted toward the new crossing pointM15M2
52m sin2b.89.7 GeV. Note, however, that here the quan-

tity A can reach higher values~of order 0.9 or more!, and the
region whereB is large is also wider in Fig. 3 with respect to
Fig. 2. Furthermore, it is interesting that it is possible to
approach high values ofA andB ~A.0.9 andB.0.85 in a
certainM1,2 interval! even in the gaugino-mass unification
case.

For tanb as high as 4~Fig. 4!, A andB never reach 0.8
and, consequently, never prompt a sufficient dynamical
B(x̃ 2

0→x̃ 1
0g) enhancement.

IV. KINEMATICAL x̃ 2
0
˜x̃1

0g ENHANCEMENT

As anticipated in Sec. II, when the contribution of the
sfermion exchange to thex̃ 2

0 tree-level decays is suppressed
~i.e., for heavy scalar masses and/or absence of non-

FIG. 4. The same as in Fig. 2, but form52MZ and tanb54.

FIG. 3. The same as in Fig. 2, but form52MZ .
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negligible gaugino components in bothx̃ 1
0 and x̃ 2

0!, the ra-
diative decay is enhanced by a purely kinematical factor, for
almost degeneratemx̃

1
0 andmx̃

2
0. In order to find out where in

the SUSY-parameter space the masses of the two lightest
neutralinos are almost degenerate, one has to consider the
fourth degree eigenvalue equation associated with the neu-
tralino mass matrix~4!:

05mi
41Ami

31Bmi
21Cmi1D

with

A52Tr~Mx̃0!52~M11M2!,

B5M1M22m22MZ
2,

C5m2~M11M2!

1MZ
2~M1cos

2uW1M2sin
2uW2m sin2b!,

D5det~Mx̃0!

5m@MZ
2~M1cos

2uW1M2sin
2uW!sin2b2mM1M2#,

~13!

wheremi ~i51,...,4! is the general neutralino mass eigen-
value. Then, one has to force Eq.~13! ~which, arising from a
Hermitian, real and symmetric matrix, has four real roots! to
have ~at least! either two identical roots or two opposite
roots,mi

056mj
0 ~when using the superscript 0, we gener-

ally refer to a degenerate eigenvalue!.9

Exact expressions for the neutralino masses and mixing
can be found in Ref.@25#. Here, we are mainly interested in
special cases for which it is possible to extract approximate
formulas, more useful for a physical interpretation.

Involving a linear combination of 12-dimensional terms
~where up to the 4th power of one of the coefficientsA, B,
C, D can appear!, the general necessary condition to get two
identical roots from Eq.~13!, seems far too complicated to
give any useful information and even to be displayed here.
As for the case of two opposite roots, a simple necessary
condition in terms ofA, B, C, D can be derived

A2D1ABC1C250. ~14!

Unfortunately, Eq.~14!, when translated in terms ofM1,M2,
m, sin2b, and sin2uw , turns out to be quite complex too.
Thus, in the following, we consider only interesting limits of
the SUSY parameters, such as tanb→1 orM1→M2 . Hence,
by reducing to zero the off-diagonal terms in one or both of
the 232 blocks of the matrix~4!, one considerably simplifies
the eigenvalue Eq.~13! and allows to disentangle the rel-
evant degeneracy scenarios. In this way, we will single out
somesufficientconditions, which ensure exact or approxi-
mate degeneracy between the two lightest neutralino states.
This procedure will be supported by an extensive numerical
study ~scanning the whole SUSY-parameter space! of the
relevant mass splitting (mx̃

2
02mx̃

1
0), which is shown in the

following, as well as a numerical analysis ofB(x̃ 2
0→x̃ 1

0g),

that we present in the next section. On the basis of the nu-
merical analysis, we found that necessary conditions for an
exact degeneracy of the two lightest neutralino states are

tanb51 or M15M2 , ~15!

with the additional requirementm,0. The latter directly
translates in somenecessaryconditions for a sizable kine-
matical enhancement ofB(x̃ 2

0→x̃ 1
0g). Interestingly enough,

these conditions are the same as the ones we found in Sec. III
for a dynamical enhancement, although in the latter case, the
two conditions on tanb andM1,2 have to be fulfilled at the
same time. The conditions~15! for aB(x̃ 2

0→x̃ 1
0g) kinemati-

cal enhancement are of course interesting only in regions
allowed by LEP1–1.5 data. Furthermore, we do not consider
here asymptotic regimes withM1,2@MZ and/orumu@MZ , or
M1,2!MZ and/or umu!MZ . Indeed, for instance, the limit
umu!M1,2, MZ leads to two almost degenerate Higgsinos-like
neutralinos, as discussed above and in Ref.@6#. Other asymp-
totic cases with possible degeneracy have been mentioned in
Sec. II. Here, we will limit our analytical and numerical
analyses to the region whereumu andM1,2 fall both in the
interval [MZ/4, 4MZ].

We stress that here we are interested in the degeneracy of
the two lightest neutralinos. This singles out only a few
among the possible degeneracy scenarios for the four neu-
tralinos, and makes the analysis more involved.

In order to findsufficientconditions for the degeneracy of
the two lightest neutralinos, let’s now first consider the limit
M15M2 . Then, it is convenient to solve the Eq.~13! just in
terms ofM2 as a function of the generic eigenvaluemi . For
miÞ6m, one then gets two branches

~M2!15mi , ~M2!25mi2MZ
2 mi1m sin2b

mi
22m2 . ~16!

Note that the branch~M2!1 describes the behavior of one
neutralino mass eigenvalue only, while the branch~M2!2 is
threefold and corresponds by itself to three generally differ-
ent eigenvalues. The two main branches~M2!6 intersect in a
point ~corresponding to a degeneracy with same-sign eigen-
values:mi , j

0 5M2!, whenever

M15M252m sin2b. ~17!

This case is quite interesting. Indeed, one has

m1
05m2

05M15M252m sin2b, ~18!

2m3
05m4

05Am21MZ
2, ~19!

that is, the two mass eigenvalues with the lower absolute
values coincide, while the two eigenvalues with the higher
absolute values are opposite. As for the composition, one of
the two light degenerate states is a pure photino, while the
other is a mixture ofZ̃ and H̃b , with ^Z̃ux̃2

0&25m cos2b/
AMZ

21m2cos2b. Thus, the scenario of Eq.~17! is relevant
both for the kinematical and for the reduced dynamical en-
hancement~cf. Sec. II!, since theZ0-exchange contribution
to the tree-level decays is highly suppressed. The degeneracy
corresponding to Eq.~18! is of course removed whenM1 and
M2 get far apart. Nevertheless, one can check that for9The physical neutralino mass is given bymx̃

i
05umi u.
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(M12M2);10 GeV the degeneracy may still be effective
for a sizeable kinematical enhancement of the radiative de-
cay.

In principle, one can get other degeneracy scenarios by
using Eqs.~16! in different ways, but we will show in the
following that they are not relevant for our purposes. First of
all, it is clear that the degeneracy between the heavier neu-
tralinos corresponding to Eq.~19! cannot be a direct result of
the intersection of the two main branches~M2!6 . However,
it can happen that two of the three sub-branches of the
branch~M2!2 , for a given value ofM2, correspond to two
opposite eigenvalues, and hence to degenerate neutralino
masses. This is the case when (mi

22m2)5M Z
2, which is

nothing but the degeneracy~19!. The additional fact that in
such a scenario one necessarily has alsoM252m sin2b @cor-
responding to areal intersection of the two main branches
~M2!6 and to the further degeneracy~18! of two always
lighter neutralino states# makes the above circumstance neg-
ligible for us here. One can look for other cases of degen-
eracy by considering the possibility that one of the eigenval-
ues described by the branch~M2!2 has the same absolute
value of the one corresponding to the branch~M2!1 , but
opposite sign. This corresponds to solving the equation

MZ
2 M22m sin2b

M2
22m2 22M250, ~20!

while, for the two degenerate eigenvalues, one has:
mi

052mj
05M15M2 . The solutions of Eq.~20! are in gen-

eral complicated expressions, but one can easily find them
numerically. After such an analysis, we did not encounter
any further case of exact neutralino mass degeneracy from
Eq. ~20! in the limit (M12M2)→0 relevant for the kinemati-
cal enhancement, in regions allowed by the LEP data.

Relaxing the limitM15M2 , a different necessary condi-
tion to get mass degeneracy in Eq.~13! is, indeed, tanb→1.
In this limit, contrary to the previous case, the easiest part of
the neutralino mass matrix is the Higgsino sector. Then, we
can solve the eigenvalue equation with respect tom as a
function ofmi , in order to get othersufficientconditions, and
scenarios of interest for the kinematical enhancement. One
then finds again two branches

~m!252mi ,

~m!15mi2MZ
2 mı2M1cos

2uW2M2 sin
2uW

~mi2M1!~mi2M2!
, ~21!

where, similarly to the case of Eqs.~16!, the branch~m!2

describes a single neutralino mass eigenvalue and the branch
~m!1 corresponds to three different eigenvalues. Note that
here, contrary~and complementary! to the case of Eq.~16!,
one can havemi56m, but notmi5M1 orM2. By using Eqs.
~21!, one can single out degeneracy scenarios with
mi

056mj
05m. In order to realize the case with two same-

sign degenerate eigenvalues, the general condition

MZ
2 m1M1cos

2uW1M2sin
2uW

~m1M1!~m1M2!
22m50, ~22!

must hold. Again, the corresponding explicit solutions are
rather complex, but one can solve Eq.~22! numerically to

find the regions of the parameter space interesting for the
kinematical enhancement. Since, in contrast to the case of
Eq. ~20!, Eq. ~22! gives rise to interesting scenarios, it is
useful to consider here, in addition to tanb→1, the special
limit sin2uW50, which allows a simplified analytical treat-
ment. Indeed, in this way, two free gaugino mass parameters
are still present, but the mixing in the gaugino sector disap-
pears. Furthermore, this limit is not too far away from the
real physical case sin2uW.0.23. Equation~22! gives then the
solutions~when tanb51!

mi
05mj

052m5
1

2
~M27AM2

212MZ
2!. ~23!

The existence of the solutions~23! ~not their exact form!, is
independent of the limit sin2uW→0 and the corresponding
exact degeneracy is removed only for tanbÞ1. The introduc-
tion of this limit allows us to disentangle two other interest-
ing cases, as long as tanb51, that is

mi
05mj

052m5M1 , ~24!

and, when the condition

M12
MZ

2

M12M2
2m50 ~25!

is fulfilled,

mi
05mj

05M15m2
MZ

2

M12M2
. ~26!

The latter cases, needingmi5M1, cannot be directly derived
from the two branches in Eq.~21!. The correct procedure to
get them is to solve the eigenvalue equation with respect tom
or M1, by applying both the limits tanb→1 and sin2uW→0
simultaneously.

In order to understand the nature of these additional solu-
tions and their link with the limit sin2uW→0, some further
explanation is needed. A solution corresponding to Eq.~24!
survives when sin2uWÞ0, although the expression for the
degenerate mass eigenvalues receives some corrections, as in
the case of solutions~23!. What makes case~24! different
from the previous ones is that the corresponding degeneracy
is not removed when tanb goes away from 1 and both
sin2uWÞ0 and tanbÞ1 are needed to do the job. In this
sense, the degeneracy corresponding to Eq.~24! is more
solid than the others. As for solution~26!, instead, it repre-
sents a spurious case which does not correspond anymore to
an exact degeneracy when sin2uWÞ0, but only to a case
where two neutralino mass eigenvalues are close to each
other~in the limit tanb→1!, although not quite equal. To get
an effective kinematicalB(x̃ 2

0→x̃ 1
0g) enhancement, we are

interested in scenarios where neutralino mass differences of
order 10 GeV or less arise. In order to obtain such a small
(mi

02mj
0) when Eq.~26! holds, one needsM1, M2!MZ ,

umu, with umu'TeV @because of condition~25!#. Then, the
quantity (M1cos

2uW1M2sin
2uW) in Eq. ~13! can be treated

in the same way as it would be in the limit sin2uW→0. There-
fore, we will neglect this possibility~corresponding to an
asymptotic case, already excluded by LEP! and we will fo-
cus on solutions~23!, ~24!.
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We stress that the existence of the solutions~23!, ~24!
~not the exact expression for the degenerate eigenvalues! is
independent of the limit sin2uW→0 and the corresponding
exact degeneracy is removed only for tanbÞ1. Anyway, the
simplified solutions we found allow us to emphasize some
remarkable properties which remain valid with a good ap-
proximation for sin2uW.0.23 ~and, often, even for tanb.1,
rather than exactly 1!. For instance, the solutions correspond-
ing to ~23!1 and~24! are only possible for negative values of
m @evenm,2MZ/& in the case~23!1#.10 In contrast, the
solution~23!2 is allowed only for 0<m<MZ/& ~that is in a
region that, particularly for small tanb, is excluded by
LEP1–1.5 data, due to the presence of a light chargino!.
Hence, solution~23!2 will not play an important role in the
following discussions. Also, note that the solution~24! is
present irrespective of the particular value ofM2 and, simi-
larly, the solutions~23! do not depend onM1, in the limit
tanb→1, sin2uW→0 and exact degeneracy. For sin2uW.0.23,
the solution~23! @~24!# develops a weak dependence onM1
@M2#, as will be shown in the following numerical study.

As for the limit tanb→1, up to now we only took care of
deriving some sufficient conditions for the degeneracy of any
pair of neutralinos. Now, we need to check when the degen-
eracy scenarios we singled out actually concern the two
lightest neutralino mass eigenstates. We will focus on the
more interesting scenarios~23!1 and ~24!. Which pair of
mass eigenstates is involved in the degeneracy depends also
on the parameters not directly entering the approximate con-
ditions ~23!, ~24!, in a generally simple way. For a given
value of umu, typically one observes that, forM1[M2].umu,
the degeneracy of the kind~23!1 @~24!# indeed concerns the
two lightest neutralino states. On the other hand, as long as
M1[M2],umu, the solution for the mass degeneracy corre-
sponds tomx̃

2
05mx̃

3
052m and, thus, does not give rise to

any kinematical suppression.
All the tanb51 scenarios above are derived by forcing the

two branches in Eqs.~21! to meet in a point of the~mi , m!
plane, corresponding to astrict degeneracymi

05mj
0. How-

ever, as done above in the limit (M12M2)→0 with Eq.~20!,
here too we must take into account the additional possibility
of a degeneracy with opposite eigenvaluesmi

052m 
0. Im-

posing the corresponding condition~m!152~m!2 in Eqs.
~21! leads to the interesting case

mi
052mj

05m5M1cos
2uW1M2sin

2uW , ~27!

which satisfies the Eq.~14! and is only realized for positive
values ofm. This gives rise to a scenario where a pureH̃b is
degenerate with a superposition of the other interaction
eigenstates. The other two neutralinos are mixedg̃-Z̃-H̃a
states too, and correspond to the mass eigenvalues

m
g̃ - Z̃-H̃a

~6 !
5
1

2
@M11M26A~M12M2!

214MZ
2#. ~28!

On the other hand, the degeneracy must involve the two
lightest states. It is easy to show with analytical arguments

that this can never happen in regions allowed by LEP1–1.5
data. Hence, the scenario of Eq.~28! is not relevant for the
radiative neutralino decay.

Finally, it is interesting to note that in the limit where both
tanb→1 and (M12M2)→0, both the kinematical and the
dynamical enhancements can be optimized at the same time
in the special pointM1(5M2)52m, where the two lightest
neutralinos are always a pureg̃ and a pureH̃b @cf. Sec. III,
Eqs. ~8! and Eqs.~18!, ~19!#. We will see, in the numerical
analysis of Sec. V, that a considerably wide region of the
SUSY-parameter space where highB(x̃ 2

0→x̃ 1
0g) values are

realized is centered on this highly degenerate point.
As for the kinematical enhancement, by using numerical

methods, we did not find any other clear case ofx̃ 1
0-x̃ 2

0 exact
mass degeneracy, besides the ones we have described above.
Also, it was not possible to achieve an approximate degen-
eracy ~at the level of a 10 GeV mass difference! either, in
regions of the SUSY space where thenecessaryconditions
~15! are rather far from being valid. This does not mean we
listed all the possibilities for neutralino mass degeneracy. For
instance, one can consider the caseD5det(Mx̃0)50. This
can be achieved either whenm50 and/orM1,250, or when-
ever Eq.~11! holds. The first option was already considered
among the asymptotic cases. In the second case, one is left
with a simplified eigenvalue equation, which gives rise to
other degeneracy scenarios.11 However, these scenarios al-
ways give rise also to at least a null mass eigenvalue; hence,
the degeneracy can only concern thex̃ 2

0 and thex̃ 3
0 or thex̃ 3

0

and thex̃ 4
0. Other complex degeneracy scenarios, not of in-

terest here, can be constructed.
In summary, the relevant approximate scenarios for the

B(x̃ 2
0→x̃ 1

0g) kinematical enhancement are given, form,0,
by Eq. ~18!, whenM1.M2 , and by Eqs.~23!1 and ~24!,
when tanb.1. In order to get a clear picture of the non-
trivial behavior of the neutralino mass degeneracy, we now
show a set of contour plots for the two lightest neutralino
mass difference (mx̃

2
02mx̃

1
0) in the (M1 ,M2) plane, for dif-

ferent values ofm and tanb.
In Fig. 5, the casem522MZ is shown for tanb51.2 ~a!

and 4~b!. The line corresponding to the gaugino mass uni-
fication is also plotted. The general pattern is highly non-
trivial and quite dependent on tanb. In Fig. 5~a!, one can
easily note the presence of two quite narrow bands, a vertical
one and a horizontal one. The horizontal one corresponds to
the region where the degeneracy scenario of Eq.~23!1 is
approximatively realized for tanb close to 1 and is well out-
lined by the 15-GeV mass-difference contour. As antici-
pated, the band is there only forM1*2m52MZ and shows
only a weak dependence onM1. Indeed, by solving numeri-
cally Eq. ~22! for the general condition of degeneracy, we
found that the contour line of exactm1

05m2
0 degeneracy, in

the limit tanb51, passes through the points (M1 ,M2)
5~200, 168.9!; ~250, 166.2!; ~300, 165.7! GeV, showing a
small dependence onM 1 due to the finite value of sin2uW .

10The subscript6 of the equation number picks out one of the two
possible signs in Eq.~23!.

11For instance, one finds a nontrivial degeneracy, for a given value
of tanb, in the caseM15M25(MZ/2)(11A118 sin22b)1/2 and
m5(MZ/A2)(A118 sin22b21)1/2. The corresponding degenerate
neutralinos arex̃2

0 and x̃3
0, with opposite mass eigenvalues.
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Note that the same equation indicates the presence of a de-
generacy also forM25163.7 and 161.5 GeV, respectively,
for M15100 and 150 GeV, but this corresponds to a case
with m2

05m3
0, which of course does not show on the figure

and is not interesting here. The vertical band, well outlined
by the 8 and 15 GeV contours, represents the degeneracy
~24!. Again, the band is present only forM2*2MZ and has
only a weak dependence onM2, depending on the finite
value of sin2uW . The contour line of exact degeneracy passes
now through the points (M1 ,M2)5~179.7, 200!; ~178.2,
250!; ~177.7, 300! GeV. Again, there is also a degeneracy
concerningx̃ 2

0 and x̃ 3
0 whenM15175.7 and 170.9 GeV, re-

spectively, forM25100 and 150 GeV.
Two additional remarks are in order. First, the vertical

band of scenario~24! is clearer and corresponds to a higher
degree of degeneracy. This was explained above, in connec-
tion with the relation of this scenario with the limit
sin2uW→0. Second, both the 8 GeV and the 15 GeV contour
have a bulge where they change direction, along the diago-
nal, towards lower values ofM1 andM2. Even more visible
is this effect if one observes the 25 GeV contour. This cor-
responds to the region around the point in the (M1 ,M2)
plane where the further case ofm1

05m2
0 degeneracy we

singled out is realized. This is given by Eq.~18!, that, in the
special case tanb51.2, givesM1.M2.2m sin2b5179.4.
Some degeneracy is still present along the diagonal
M15M2 , to the left and below the highly degenerate region
M1.M2.2m, although to a minor degree than in the hori-
zontal and vertical bands. The degeneracy scenario~18! is
more crucial in Fig. 5~b!, where tanb is far away from 1 and
the other degeneracy scenarios cannot be realized. Here the
8, 15, and 25 GeV contours surround the degeneracy point
M15M252m sin2b585.8 GeV and extend along theM1
5M2 diagonal in both the directions. Furthermore, note that
this point corresponds to a case of exact degeneracy, while
the ‘‘median’’ lines of the horizontal and vertical bands in

Fig. 5~a! do not, since tanb is only approximately equal to 1.
It is useful to check that the vertical line of approximate
degeneracy@see, for instance, the one forM1.175–180 GeV
in Fig. 5~a!# is directly related to the mass-level crossing of
two slightly mixed lightest neutralinos along the same line
~see, for instance, the behavior ofA andB in Fig. 2!.

We will see in the next section that the degeneracy along
the M15M2 diagonal will translate in explicit effects on
B(x̃ 2

0→x̃ 1
0g) for tanb well above 1, while, in the low tanb

case, they will be mixed with and partly hidden by the dy-
namical enhancement. A final comment on Fig. 5 is about
the gaugino mass unification. We can see that is not possible
in the unified case to realize ax̃ 1

02x̃ 2
0 mass approximate

degeneracy at a level of less than 25 GeV mass difference,
unlessM2*300 GeV and tanb is small~apart from the very
low M1,2 region!.

Figure 6 shows how the general picture evolves whenm
goes from22MZ to 2MZ . The behavior of (mx̃

2
02mx̃

1
0) is

qualitatively similar to the previous case, although the re-
gions of strong degeneracy are shifted towards lower values
of M1,2.

Before coming to the numerical study ofB(x̃ 2
0→x̃ 1

0g), it
is useful to note that the dynamical and kinematical mecha-
nism can be present at the same time in special cases and
work together to enhanceB(x̃ 2

0→x̃ 1
0g). For instance, a

moderate degeneracy is needed betweenmx̃
1
0 andmx̃

2
0 for the

kinematical mechanism to be effective, whenx̃ 1
0 andx̃ 2

0 also
have a definite different composition and vice versa. Also
note that the general necessary conditions~i.e., tanb.1,
M1.M2 , with m,0! are the same for both mechanisms, and
this strengthens the enhancement effect.

V. NUMERICAL ANALYSIS OF B„x̃ 2
0
˜x̃ 1

0g…

On the basis of the results presented in Secs. III and IV on
the enhancement regimes for the radiativex̃ 2

0 decay, we are

FIG. 5. Contour plot for the difference~in GeV! between the two lightest neutralino masses in the (M1 ,M2) plane form522MZ , and
tanb51.2 ~a! and 4 ~b!. Different levels are represented by lines of different style. The straight line corresponding to the gaugino mass
unification is also shown.
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now ready to explain the nontrivial behavior of the corre-
sponding BR in the SUSY parameter space. One of the main
findings will be the existence of significant regions of this
space, of interest for collider physics, wherex̃ 2

0→x̃ 1
0g is the

dominantx̃ 2
0 decay. Following the previous discussion, we

present theB(x̃ 2
0→x̃ 1

0g) in the (M1 ,M2) plane, for fixed
values of tanb andm. We also discuss the BR dependence on
the scalar masses.

First of all, one has to set the parameter regions already
excluded by the experimental search. We recall that the usual
analysis implies the conditionM1/M25~5/3!tan2uW . Relax-
ing the latter, the definition of the exclusion regions gets of
course more involved. We considered the following bounds
from LEP1 data on theZ0 line shape and on neutralino direct
searches@19,21,20#:

G tot~Z
0→SUSY!,23 MeV,

G inv~Z
0→SUSY!,5.7 MeV,

B~Z0→x̃1
0x̃2

0!,3.931026,

B~Z0→x̃2
0x̃2

0!,3.931026,

where we took into account not only thex̃ 1
0x̃ 1

0 contribution
to the Z0 invisible width, but all the channelsZ0→x̃ i

0x̃ j
0,

i , j51,...,4, with following invisible decays of the produced
heavier neutralinosx̃ i

0→x̃ 1
0nn̄(...nn̄).

As for LEP1.5, we imposed the following limits from the
direct searches of neutralinos/charginos during the runs at
As5130.3 and 136.3 GeV@26#

svisFe1e2→(
i , j

~ x̃ i
0x̃ j

0,x̃ i
1x̃ j

2!G,2 pb

at

As5130.3 GeV,

if

~mx̃
2
02mx̃

1
0! or ~mx̃

1
62mx̃

1
0!.10 GeV,

svisFe1e2→(
i , j

~ x̃ i
0x̃ j

0,x̃ i
1x̃ j

2!G,2.4 pb

at

As5136.3 GeV,

if

~mx̃
2
02mx̃

1
0! or ~mx̃

1
62mx̃

1
0!.10 GeV,

which corresponds to not allowing more than ten total visible
events from neutralino/chargino production at LEP1.5. Here
too, the branching fractions into visible final states of the
produced particles have been taken into account while com-
puting svis . The above LEP1.5 limits translate into an ap-
proximate bound on the chargino massmx̃

1
6*65 GeV, when

the sneutrino mass is not too light@m( ñ)*200 GeV# and
there is enough phase space available to ensure the presence
of rather energetic particles among the chargino decay prod-
ucts: (mx̃

1
62mx̃

1
0).10 GeV.

A few comments are in order. By applying the above
experimental constraints, one finds that for rather small val-
ues of tanb and 0&m&MZ wide regions in the plane
(M1 ,M2) are excluded. For instance, at tanb51.2 and
m5MZ , the area withM1 ,M2&180 GeV is forbidden. The
regions with positivem are, however, not much relevant for
the radiativex̃ 2

0 decay, as we know from Secs. III and IV.
For low tanb, negativem and smallumu ~around 50 GeV! one
gets highly nontrivial exclusion regions~see below!. On the
other hand, whenever the chargino search turns out to be the
most effective means of constraining the plane (M1 ,M2),
the mass limit and the forbidden region tend to get indepen-

FIG. 6. The same as in Fig. 5, but form52MZ .
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dent ofM1. The possible relevance of neutralino searches
can translate, instead, in more involved bounds, depending
onM1.

In Fig. 7, we show theB(x̃ 2
0→x̃ 1

0g) for tanb51.2 and
m52MZ , i.e., in a regime where both the dynamical and
kinematical enhancement can be realized. The shaded region
is excluded by LEP1–1.5 data. In this figure and in all the
following ones, we calculate the Higgs sector masses and
couplings by assumingmA5300 GeV. In Fig. 7~a!, the kine-
matical enhancement is optimized by the large value~1 TeV!
assumed for the sfermion masses. We find a significant area
in the plane (M1 ,M2) whereB(x̃ 2

0→x̃ 1
0g).90%. Its shape

can be straightforwardly explained by putting together the
information from Fig. 3, on the physical purity of the two
lightest neutralinos, and Fig. 6~a!, on the neutralino mass
degeneracy. It is interesting to note in Fig. 7~a! how much,
along theM1.M2 diagonal, different enhancement mecha-
nisms can be effective and can contribute to a large
B(x̃ 2

0→x̃ 1
0g)*90%, depending on theM1,2 values. For in-

stance, whenM1.M2.40 GeV, the two lightest neutralinos
have widely different masses@cf. Fig. 6~a!# and the kinemati-
cal enhancement is not operative. Furthermore, since tanb is
not exactly 1,x̃ 2

0 has comparableZ̃ and H̃b components,
spoiling the full dynamical enhancement. However, since the
sfermions are very heavy, it is sufficient the presence of a
nearly purex̃ 1

0.g̃ to largely deplete the only tree-level de-
cay channel left~throughZ0 exchange! and to give rise to
very largeB(x̃ 2

0→x̃ 1
0g) values~reduceddynamical suppres-

sion, cf. Sec. II!. Of course, after lowering the sfermion
masses this enhancement regime does not survive@cf. Fig.
7~b!#. Proceeding towards higherM1,2.2m sin2b values on
the diagonal, one has two enhancement mechanisms getting
effective at the same time. First, theH̃b component of thex̃ 2

0

grows @cf. Fig. 3~a!#, giving rise to a ‘‘full’’ dynamical en-
hancement. Second,mx̃

1
0 andmx̃

2
0 get closer and closer@cf.

Fig. 6~a!# and the kinematical mechanism becomes effective
as well. The most favorable situation is then realized in this
region. For larger values ofM1,2 in the @100, 120# GeV
range, the dynamical enhancement dominates, but with
x̃ 1
0.H̃b and x̃ 2

0.g̃ @cf. Fig. 3~b!#. Finally, whenM1 and
M2 are both*120 GeV, largeB(x̃ 2

0→x̃ 1
0g) values cannot

be achieved anymore.
The relative importance of the various kinematical en-

hancement scenarios can be guessed by comparing Fig. 7~a!
with Fig. 7~b!. In the latter, lighter scalars, that tend to re-
duce the effect of the kinematical suppression in thex̃ 2

0 tree-
level decays, are assumed. Nevertheless, a strong radiative
enhancement mainly due to a dynamical suppression of the
tree-level decays is still present forM1.M2.2m. Note
that the kinematical enhancement which is expected from the
scenario~23!1 @cf. the horizontal band of approximate de-
generacy in Fig. 6~a!# is only slightly influenced by the
change of the sfermion mass values, while the scenario~24!
~vertical band! corresponds to higher values ofB(x̃ 2

0→x̃ 1
0g)

for heavy sfermion masses, and is much more sensitive when
changing these parameters. This happens in spite of the
greater degree of neutralino mass degeneracy corresponding
to the scenario~24!. The reason is that in the case~23!, in
addition to the kinematical suppression of the tree-level de-
cay widths, one has a rather large value of the radiative de-
cay width, due to the presence of light charginos~low M2! in
theW6/x̃7 loops, irrespective of the sfermion masses. For
instance, the pointM15180 GeV,M2560 GeV in Fig. 7~a!
corresponds to a totalx̃ 2

0 decay width of about 100 eV and
only about 5% of it is due to tree-level decays~in particular,
cascade decays withmx̃

2
0597 GeV, mx̃

1
6593 GeV, and

mx̃
1
0585 GeV!. In contrast, in the ‘‘unified’’ pointM1585.2

GeV,M25170 GeV, one hasGtot(x̃ 2
0).G(x̃ 2

0→x̃ 1
0g);1 eV

for 1 TeV sfermion masses, while the totalx̃ 2
0 width ap-

FIG. 7. Contour plot for the branching ratio of the neutralino radiative decay. In~a!, all the sfermions are taken degenerate with mass
equal to 1 TeV. In~b!, the left and right charged slepton masses are taken degenerate and equal to 120 GeV; the sneutrino mass is calculated
by using the SU~2! sum rule; the squark masses are taken all degenerate and equal to 300 GeV. The Higgs sector masses and couplings are
set bymA5300 GeV. The shaded region is excluded by LEP1 and LEP1.5 data.
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proaches 50 eV for the lighter sfermion masses used in Fig.
7~b!, about 90% of it coming from tree-level light-slepton
exchange channels.

A final remark on Fig. 7 is that there are regions where
neither the kinematical nor the dynamicalB(x̃ 2

0→x̃ 1
0g) en-

hancements are fully effective, since the regimes for the
SUSY parameters we outlined in Secs. III and IV are only
realized with a large approximation. Nevertheless, the com-
bined effect of the two mechanisms can still give rise to large
values ofB(x̃ 2

0→x̃ 1
0g).

When tanb rises~for instance, tanb54 is assumed in Fig.
8! the physicalpurity of neutralinos decreases~see the cor-
responding Fig. 4!, and mainly effects connected to the ki-
nematical enhancement in the scenario~18! survive. This can
be easily verified by comparing Fig. 8 with Fig. 6~b!. The
value of the sfermion masses is then a relevant parameter.
Assuming lighter scalars@Fig. 8~b!# considerably reduces the
region of large radiative BR with respect to the regime where
the sfermion exchange in the tree-levelx̃ 2

0 decay is sup-
pressed by heavy scalars@Fig. 8~a!#.

We consider now the effect of varying the parameterm .
From now on, we will keep the sfermion masses rather heavy
@i.e., we setm(ẽ)5m(q̃)51 TeV# in order to optimize the
B(x̃2

0→x̃1
0g) enhancement. In Fig. 9, the effect of decreas-

ing m down to22MZ is shown for tanb51.2.
Again, some insight of the BR behavior can be gained by

looking back at Fig. 2~physical ‘‘purity’’ of the neutralinos!
and Fig. 5~a! ~neutralino mass degeneracy!. The area around
M 1.M2.2m is again particularly promising. However,
quite large radiative BR’s can be also achieved in three strips
of the (M1 ,M2) plane, corresponding to different kinemati-
cal enhancement scenarios@cf. Fig. 5~a!#. Some effects from
the reduced dynamical mechanism with heavy sfermion
masses are also present.

Keepingm in the negative range, we now go to largerm
values, which are of particular interest for explaining the
e1e2gg1E” T event at the Tevatron. In Figs. 10~a! and

10~b!, the results form5255 GeV at tanb51.2 and 2, re-
spectively, are shown. While a largeB(x̃ 2

0→x̃ 1
0g) can still

be obtained comfortably, we can observe that for increasing
tanb the regions excluded by present data extend further and
further.

Going to m52MZ/2 at tanb51.2 ~cf. Fig. 11! has the
effect of a moderate shifting of the large BR regions down to
smaller M1 ,M2 with respect to Fig. 10~a!, accompanied
again by a drastic reduction of the parameter space allowed
by the experimental data.

FIG. 8. The same as in Fig. 7, but for tanb54.

FIG. 9. Contour plot for the neutralino radiative decay BR in the
case tanb51.2 andm522MZ . The sfermion masses are all taken
degenerate and equal to 1 TeV andmA5300 GeV. The shaded
region is excluded by LEP1–1.5 data.
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VI. TOP-SQUARK SECTOR INFLUENCE ON B„x̃ 2
0
˜x̃ 1

0g…

As long asmx̃
1
6&MW , the main contributions to thex̃ 2

0

radiative decay width come from theW6/x̃7 loops~cf. Fig.
1!, unless one considers scenarios with light top squarks, i.e.,
60 GeV&mt̃ &mt ~throughout this paper we assume
mt5175 GeV!. In the latter case, the amplitudes correspond-
ing to t/ t̃ loops are non-negligible and can interfere destruc-
tively with theW6/x̃7 loops, hence decreasing the radiative
decay width. If one assumes the mass of the heavy top-
squark t̃2 sufficiently larger thanmt , then the bulk of this
effect comes from the light top-squarkt̃1. Note that the par-
ticular values of the other sfermion masses have an important
influence just on the tree-level neutralino decay widths,

hence affecting only the BR of the radiative decay. The op-
posite happens for the top-squark parameters, which directly
influence the radiative width, and are not involved in the
tree-level decays in the parameter ranges considered here. In
the previous sections, we assumed the two top-squarkst̃1 and
t̃2 degenerate, with a mass equal to all the other squark
masses. Here, we relax this simplification and consider the
effects of assuming different values formt̃ 1

andmt̃ 2
and, in

particular, the possibility of a rather lightt̃1. In addition,
since the mass eigenstatest̃1,2 can be superpositions of the
interaction eigenstatest̃ L,R , we also take into account the
effect of varying the top-squark mixing angleut , defined by
t̃15 cosutt̃L1 sinutt̃R; t̃252 sinutt̃L1 cosutt̃R.
In Fig. 12, we show the contour plot ofB(x̃ 2

0→x̃ 1
0g) as a

function of the two top-squark masses, for four values of the
mixing angle ut and for two interesting choices of the
neutralino sector parameters which correspond to large-
B(x̃ 2

0→x̃ 1
0g) scenarios with different characteristics. Here,

we assume degenerate slepton masses of 300 GeV and the
other squark masses all equal to 400 GeV. The pseudoscalar
Higgs boson mass is fixed at 300 GeV.

Here we did not put any restriction on the (mt̃ 1
,mt̃ 2

)
plane~besides a rough direct limit of about 60 GeV on the
top-squark masses from LEP data! and we considered the
physical massesmt̃ i

as independent parameters. However, in
the framework of the MSSM, even without precise unifica-
tion assumptions in the scalar sector, one usually derives the
physical sfermion masses and theL-R mixing angles from
the soft SUSY-breaking parameters~i.e., m̃qL

, m̃uR
, m̃dR

,

..., At , Ab , ...! as well as fromm and tanb ~cf., e.g., Ref.
@27#!. Once the values of the squark masses of the first two
families are fixed to be roughly degenerate, e.g., at 400 GeV
as in Fig. 12, and assuming the mass parameters in the sbot-
tom sector to have similar values as well~in particularm̃bL
5m̃tL

!, then it seems unnatural to build a coherent model
with the heavy top-squarkt̃2 considerably lighter than 400

FIG. 10. The same as in Fig. 9, but form5255 GeV and tanb51.2 ~a! and 2~b!.

FIG. 11. The same as in Fig. 9, but form52MZ/2 and tanb
51.2.
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GeV, especially whent̃1 is very light. Similarly, the light
top-squark is usually lighter than the other squarks. Further-
more, one has to take into account the influence of the top-
squark sector on the light Higgs boson massmh through the
radiative corrections~cf., e.g., Ref.@27#!. Especially for low
tanb and for moderatemA , the presence of a very lightt̃1
(mt̃ 1

&70–80 GeV! may inducemh to fall below the present
experimental limits@i.e., 44 GeV or roughly sin2~b2a!360
GeV, from Ref.@19##, unlesst̃2 is very heavy~mt̃ 2

*1 TeV!.
The valuemA5300 GeV we used in this section generally
makes the latter problem negligible, but the discussion above
still suggests that some regions of the top-squark mass plane
we show in Fig. 12 may not correspond to a physically ac-
ceptable scenario. Nevertheless, having this in mind, Fig. 12
and the following one provide useful hints to evaluate the
pattern of the top-squark sector influence onB(x̃ 2

0→x̃ 1
0g).

In Fig. 12~a!, we present a typical case of dynamical en-
hancement~M1.M2560 GeV,m52MZ , and tanb51.2!,
while, in Fig. 12~b!, a special case of kinematical enhance-
ment is considered. The latter~with M1565.2 GeV,
M25130 GeV,m5270 GeV, and tanb52! does not opti-
mize the kinematical mechanism, but has two interesting fea-
tures. First, the case~b! satisfies the gaugino mass unification
relationM15

5
3 tan

2 uWM2 . Second, the value of tanb quite
different from 1 gives rise to a sizeable mass splitting be-
tween the neutralinos~.17 GeV! and to rather energetic
photons, even after the radiative decay of asoft x̃ 2

0. Further-
more, in the case~b! a certain amount of dynamical enhance-
ment is also present.

For each fixed value of the radiative BR, we show how
the contours move when varying the mixing angleut . In
particular, for a givenB(x̃ 2

0→x̃ 1
0g), we present four con-

tours corresponding tout50, 2p/4, p/4, andp/2. This or-

dering corresponds to going from the lower curve to the up-
per one with the same line style in Fig. 12~b!, while, in Fig.
12~a!, the lower curve is obtained forut52p/4, the upper
one forut51p/4, and the curve in the middle corresponds to
the almost degenerate contours forut50 andp/2. As a ref-
erence, we also show by a big black dot the scenario of
complete squark mass degeneracy@in particular mt̃ 1,2

5m(q̃)5400 GeV#, assumed in the previous analysis. Un-
der that hypothesis, one would obtainB(x̃ 2

0→x̃ 1
0g).97.5%

in the case~a! andB(x̃ 2
0→x̃ 1

0g).65% in the case~b!. As
anticipated, the radiative BR increases with the top squark
masses, showing a larger sensitivity tomt̃ 1

. Indeed, when

the mass splitting (mt̃ 2
2mt̃ 1

) is sizable,B(x̃ 2
0→x̃ 1

0g) gets

independent of the heaviest massmt̃ 2
.

As for the physical composition of the top-squark mass
eigenstates entering the radiative decay loops, Fig. 12~b!
shows that a lightest top-squark corresponding to a puret̃R
(u t5p/2) is more effective in reducing the radiative BR in
the considered case of kinematical enhancement. Indeed, for
a fixedmt̃ 1

, taking t̃15 t̃R gives rise to a larger cancellation
between thet/ t̃1 and theW6/x̃7 loops than in thet̃15 t̃ L
case. The mixed cases corresponding tout56p/4 fall in the
middle of the two pure cases. In the dynamical enhancement
scenario of Fig. 12~a!, the behavior is somehow opposite. It
turns out that taking a puret̃ L or t̃R state as the lightest top
squark cannot be distinguished inB(x̃ 2

0→x̃ 1
0g), while if t̃1

is the symmetric ~antisymmetric! combination
[ t̃ L1(2) t̃R]/&, the contributions from thet/ t̃ loops are
maximized~minimized! and the same happens to the larger
destructive interferences with theW6/x̃7 loops. This is be-
cause in the case~a! the two neutralinos are an almost pure
photino and an almost pureH̃b , which both couple with the

FIG. 12. Contour plot forB(x̃ 2
0→x̃ 1

0g) in the (mt̃ 1
,mt̃ 2

) plane. For each fixed value ofB(x̃ 2
0→x̃ 1

0g), four curves corresponding to
different choices of the mixing angleut are shown with lines of the same style. Going from the lower curve towards the upper one, one has:
~a! Typical dynamical enhancement scenario:ut52p/4, 0 ~or p/2!, 1p/4; ~b! Special kinematical enhancement scenario with gaugino mass
unification:ut50, 2p/4, 1p/4, 1p/2. The other squark masses are taken degenerate and equal to 400 GeV and the slepton masses are set
at 300 GeV. Also,m(A0)5300 GeV. The big black dot corresponds to assuming the top squark masses equal to the other squark masses, as
in the previous sections.
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same strength to left- or right-type standard fermions and
sfermions.

As a consequence, the contributions from puret/ t̃ L and
t/ t̃R loops are almost equal, while, if the mass eigenstate
considered is an antisymmetric combination, its contribution
to the matrix element is negligible. When this is the case for
t̃1, and t̃2 is heavy, the whole top squark sector does not
contribute and the process is dominated byW/x6 loops.

In the case~b!, instead, thex̃ 1,2
0 composition is more

involved, with sizableZ-ino components, which distinguish
betweenf L f̃ L and f Rf̃ R .

Comparing Fig. 12~a! and 12~b!, one notes that varying
the top-squark masses can influence the radiative BR more
drastically in the case of the kinematical enhancement~b!,
due to the presence of considerably mixed neutralino states,
which increases the relative importance of the amplitudes
from t/ t̃ loops with respect to the ones fromW6/x̃7 loops.
For instance, assumingmt̃ 2

'1 TeV, increasingmt̃ 1
from

about 100 GeV to about 1 TeV enhancesB(x̃ 2
0→x̃ 1

0g) by a
few percent, in the case~a!. On the contrary, in the case~b!,
the same growth of the lightest top-squark mass gives rise to
a wide increase~of order 100%! of the radiative BR.

Such effect is even more dramatic in the case of Fig. 13.
Here, a typical scenario withfull kinematical enhancement is
shown, withM15178 GeV,M25250 GeV,m522MZ , and
tanb51.2. The corresponding, nearly degenerate, neutralino
masses aremx̃

1
05180 GeV andmx̃

2
05185 GeV. Compared to

the cases shown in Fig. 12, in the scenario of Fig. 13 the
relative weight of theW6/x̃7 and t/ t̃ loops in the radiative
decay matrix element is rather different. Indeed, theW6/x̃7

and t/ t̃ amplitudes depend on (mx̃6 /MW)
2 and (mt /mt)

2,
respectively~cf. Refs. @16, 6#!, and here one hasmx̃

1
6 as

large as 196 GeV. Thus, thet/ t̃ andW6/x̃7 amplitudes turn
out to be of the same order of magnitude, with different sign.
Then, one expects that formt̃ 1

;300 GeV~or possibly more,
if the heavier stop is also rather light! the two contributions
tend to cancel each other, drastically reducingB(x̃ 2

0→x̃ 1
0g)

at the level of a few percent. On the other hand, when the top

squarks, and in particulart̃1, are much lighter~heavier! than
300 GeV, thet/ t̃(W6/x̃7) loops dominate, the destructive
interferences are negligible, and theB(x̃ 2

0→x̃ 1
0g) can com-

fortably approach the 100% level. This effect is clearly vis-
ible in Fig. 13. The influence of a different top-squark mix-
ing can be extracted by comparing Fig. 13~a! and Fig. 13~b!,
where thepure casest̃15 t̃ L and t̃15 t̃R , respectively, are
considered.

VII. CONCLUSIONS

In this paper, we showed that SUSY scenarios where the
radiative mode for the next-to-lightest neutralino decay is
dominant do exist and can be naturally realized, especially
when relaxing the electroweak gaugino mass unification as-
sumptions at the GUT scale. We found that very large
B(x̃ 2

0→x̃ 1
0g)’s are obtained when tanb.1 and/orM1.M2 ,

with negativem. WhenM15~5/3! tan2uWM2 , it is still pos-
sible to achieve a large radiative BR, provided tanb.1 and
m,0. Two different mechanisms, which have different phe-
nomenological implications, can be responsible for the radia-
tive BR enhancement. The dynamical mechanism may give
rise to signatures including a hard photon and missing energy
at hadron colliders, wherex̃ 2

0 can be copiously produced
either in association with ax̃ i

6/x̃ 
0 or through the decays of

heavier sfermions. On the other hand, at LEP2, in a scenario
with B(x̃ 2

0→x̃ 1
0g) dynamical enhancement, the main neu-

tralino production channele1e2→x̃ 1
0x̃ 2

0 ~giving rise to a
g1E” signature! is quite depleted, requiring either gaugino or
Higgsino sizeable components in bothx̃ 1

0 and x̃ 2
0. At larger

c.m. energye1e2 colliders@such as the proposed next linear
collider ~NLC!#, the dynamical enhancement of the radiative
x̃ 2
0 decay may be relevant when thex̃ 2

0 is produced in asso-
ciation with a x̃ j

0 with j.1, giving rise to signatures con-
taining at least a hard photon and missing energy. On the
other hand, the kinematical enhancement~which implies
rather degenerate light neutralinos! can give rise to sizable
rates for final photons of moderate energy in both hadron and

FIG. 13. As in Fig. 12, but for a typical case of kinematical enhancement. In~a! the caseut50, t̃15 t̃L is shown; in~b! ut5p/2, t̃15 t̃R .
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e1e2 collisions, provided the next-to-lightest neutralino is
produced with energy large enough to boost the rather soft
photon.

Finally, an enhancedx̃ 2
0 decay into a photon might be of

relevance for explaining, in the MSSM framework, the
e1e2gg1E” T event observed by CDF at the Fermilab Teva-
tron, that is presently one of the most interesting hints for
possible physics beyond the SM.
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