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Supersymmetric scenarios with dominant radiative neutralino decay
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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 ratiop 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 requigzstamd/orM ;=M,, and negative values
of u. We present typical scenarios where these conditions are satisfied, relaxing the usual relation
M1=§ tarf6,M,, 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 discUs@856-282(97)01503-4

PACS numbsdrs): 14.80.Ly, 12.60.Jv

[. INTRODUCTION bosorts) is (are light enough[2,5]. This may give rise to
events with ebb/7" 7~ pair and missing energy and momen-
Neutralinos (x?, i=1,....4; m;gsu-sm;g) are among tum (E andp) in the detectors.
the lightest supersymmetriS8USY) partners predicted in the ~__The radiativey 2 decay into a photon and a lightest neu-
minimal supersymmetric standard mod®ISSM) [1].! In  tralino x3— x1y provides a further decay channel with an
particular, théy%is usually the lightest SUSY particleSP). ~ €ven more interesting signature. Analytical 2formulas for the
Hence, for conserveR parity, 3 is always present among Ccorresponding width can be found in R¢6]." Because of
the decay products of any superpartner, giving rise to largée higher-order coupling, this channel is characterized in
amounts of missing energy and momentum in the final stategeneral by rather low branching rati@R’s). Nevertheless,
corresponding to pair production of SUSY particleseis, & comprehensive study of the} decay rate5] shows that
pp, or ep collisions. The heavier neutralinos have in generaltN€ré are regions of the SUSY parameter space where the
a rather complicated decay pattern towards the LSP, Witlﬁad'aﬂge decay is important and can even become the domi-
possible intermediate steps involving other neutralinod’@ntxz decay. _ .
and/or charginos as well as two-body decays with on-shell [N this paper, wq‘gerfggm a detailed phenomenological
Z%W*, Higgs bosons of sfermions in the final staf@3. ~ analysis of the decay —x 1y in the MSSM. In particular,
Being the lightest visible neutralino, the next-to-lightest neu-We analyze the regions of the SUSY parameter space where
tralino %9 is of particular practical interest. It would be the radiative decay is enhanced. Some asymptotic regimes
among the first SUSY partners to be produced at the cERNhat give rise to large radiative BR’s have been considered in
e"e” collider LEP 2 and at the Fermilab Tevatrf4]. Ref.[6]. In these particular cases, a considerable hierarchy is
The dominanty$ decay channels are, in general, tree-present among the different mass parameters of the MSSM
level decays into a lightest neutralino and two standard ferLagrangian, that by now corresponds to regions of the SUSY
mions through either dpossibly on shell Z° or sfermion ~Parameter space either partly or entirely excluded by LEP
exchange. Accordingly, thgs decays into &9 plus al 71—, searches. In our study, we go beyond such asymptotic sce-
vy, Of qq pair. Wheny$ is heavier than the lightest narios and consider regions of the SUSY parameter space
chargino, also cascade decays througfy;a can become Where the parameteid ;, and|u| have values roughly in-
relevant. Hence, one can have, as final stdték, vy, ~ Cluded in the rangeNl;/4, 4M]. We relax the usual con-
1= 1,97, 010,005, plus ax3. An additional possibility is dltl_on on the electroweak gaugino massb_e§=_§ tarfGyM,,
the two-body modey—x°h°(A%), when the Higgs which holds[through one-loop renormalization group equa-

*Electronic address: ambros@umich.edu 2In checking the results of Ref6], we found that the first line in
TElectronic address: mele@romal.infn.it Eq. (59), p. 281, should be more properly written as

1 . .
In this paper, by MSSM we refer to the supersymmetric exten- G =2 (-) : m
=2 coY|TyZ '+etanbpZ1]+sinb iy ———.
sion of the standard model with minimal gauge group and particle - s e al s mysing
content. No additional assumptiofsich as unification assumptions In this way, it can also be correctly generalized to theb,7,...
at a large sca)eare understood, unless explicitly stated. case, by substituting s, €, 6;— T3¢, €, ;.
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tions (RGE’s)] when one assumes their unification at a scaledard SUSY particles strongly enough to be of relevance for
Mgur~10'® GeV, where the gauge couplings assume thecollider phenomenologhl3]. If one assumes that the lightest
same valué.In this paper, we will treaM, ,, as well as the  standardSUSY particle is still the lightest neutralino arl
masses of the individual sfermions, as low-energy, free paparity is conserved, all the heavier SUSY particles produce,
rameters. As for the sfermion masses, we will assume foat the end of their decay chaifat least one’y.. Then,¥?
simplicity, some common valugr two different values for  decays radiativelyy (1)—>Gy, through its photino component,
sleptons and squarkswhenever the individual mass values if the latter is not tuned to zefd 4]. Assuming théy? radia-
are not particularly relevant for the analysis. tive decay occurs well into the deteci@e., close enough to

As we will show, taking bothV; andM, as free param-  the main vertex, which requireag=250 eV}, such a model
eters can produce new interesting scenarios beyond the ongan provide a satisfactory explanation of taée” yy+ Eg
already considered in Ref5]. In that paper, we already event[8,9]. Once low-scale SUSY breaking and very light
singled out some regions of the parameter space where thgavitino scenarios are trusted, the presence of a largg-BR
tree-level Y5 decays are suppressed aB@y5—X3y) is  radiative decay and the consequent signature of hard and
large. There, we partly misinterpreted the origin of the supcentral photons and missing energy are almost automatic
pression in a few points of the most promising regions in thgg,9,14. Although quite general, such a hypothesis does not
(1,M>) plane, ascribing it to the particular physical compo-allow to predict much about the SUSY parameters apart from
sition of x? ,. It will be clear from the following more com- mg . In particular, an interpretation of the CDF event within
plete analysis that in those scenariokimematicalsuppres-  this framework can single out some ranges for the physical
sion of the tree-level decays can be effective, in addition to anasses of the involved particles only on the basis of a careful
dynamicalone. We indeed noticed in Ref], that the two  analysis of the kinematical characteristics of the ey@rit0].
lightest neutralinos are nearly degenerate in the interestinglo specific statements about the values of the parameters in
cases and that their mass differencm;g— m;g) grows  the SUSY LagrangiafM, M,, u, tang, etc) and, hence, no

monotonically with tag. Now, we will show how different detailed predictions of the general related collider phenom-
mechanisms can contribute to the radiative BR enhancemerftnology can be achieved.
These scenarios will be thoroughly analyzed by a systematic Somehow opposite is the situation if the CDF eventa
investigation of the regions of the SUSY parameter spac@eneralyy+X+E even is explained within the MSSM,
where a |arga3(;(2)_>3('gy) regime may be present. For in- where the gravitino is heavy, the lightest neutralino is the
stance, alynamicalsuppression of thg) tree-level decays LSP and the hard photons and the missing energy are due to
occurs whery? and %2 have a different dominant physical the one-loopy 93— 9y decay[8,10]. In this case, a certain
composition in terms of gauginos and Higgsinos. adjustment of the MSSM parameters is requifeoth in the
The latter scenario can have particular relevance for exdynamical and in thekinematicalenhancement scenarjas
plaining events like thee*e™ yy+E; event recently ob- order to get large radiative BR’s and large rates for events
served by the Collider Detector at Fermilé®DF) Collabo- ~ With hard central photons and missing energy. Also, if the
ration at the Tevatrofi7]. That event, characterized by the hard photons are emitted by rather spfts, the dynamical
presence of hard photons, electrons, and large missing tranehhancement is the most effective mechanism in this respect.
verse energy, can be hardly explained within the standardhen, one is in general able to select rather narrow ranges of
model(SM). A possible solution to this puzzle can be found the SUSY parameters, if thgy+X+E events are inter-
within the minimal SUSY models, by interpreting the CDF preted in this framework8,10]. Hence, such a framework
event as a result of selectrofer chargino) pair production, ~can be quite predictive also about the SUSY collider phe-
provided a large BR for the neutralino decay into a LSP andiomenology that should show up in the future.
a photon is predicted. More generally, the presence of a large In this work, we intend to investigate the latter hypothesis
radiative neutralino decay BR is crucial to obtain, within in a general framework. We simply look for regions in the
SUSY high rates for final states associated to a signature ¢fsual MSSM parameter space where %%—&?7 decay
the kind yy+X+ E, wherex=1%10)", qq,..., ornothing has sizeable BR’s. We find that in order to have a large
Two different SUSY “models” have been proposed up to B(x3—X3¥) (up to about 100% one needs in general
now to explain thee* e~ yy+E; CDF event8,9,10.* The  tan3=1 and/orM =M, in addition tox<0.° This is a quite
first one arises within theories with low-energy supersymmegeneral requirement, while further conditions on the gaugino
try breaking, where the breaking is transmitted to the visiblenass parametendl;, M,, the Higgsino maskul, and tarB
sector by nongravitational interactio$2]. In such a sce- can guarantee eitherdynamicalor a kinematicalenhance-
nario, the gravitindG turns out to be naturally the LSP and, ment ofB(x 9—X {7). These two possibilities will give rise
if light enough(i.e., formg=<1 keV), it can couple to stan- to rather different spectra for the emitted photons.
The effects orB(x 5—x Yy) 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

3 . . .
Note that this not necessarily corresponds to relaxing all the, yiaive decay width16,17,8. In our previous studiei, 5],
gaugino mass unification conditions. One can still imagine khat

and M5, that is the parameters which correspond to non-Abelian___

gauge groups, unify in the usual way, while the unification relation

betweenM ; and M, may be different from the usual one and un- °In this paper, we follow the same convention as in R&f.for

known. the sign ofu. We also assumi! ; ;=0 and tag8=1. Note that large
“As we were completing this paper, three other papers appearadhlues of tayB(=60) are disfavored by a radiative electroweak sym-

which discuss the CDF event in various contexts]. metry breaking in the MSSNI15]
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are just particular realizations of the two main enhancement
mechanisms for the radiative decay BR.

The naive expectation that the BR fgh—x v is negli-
gible with respect to the BR's for the tree-level neutralino

(a) (e) (@) @) . .
' ' ' ' decays is not realized whenever the latter channels are sup-
e R R pressed for reasons that either do not affect or affect to a
2 f*"ii T % . "*H T S il minor extent the radiative process. This can happen basically
; 2 > 2 2 P b 2 in two cases.
(b} @y (U] (h)

A. Dynamical suppression
FIG. 1. Feynman diagrams for the radiative neutralino decay . . . .
%930, in the gauge of Ref6]. For each graph shown, there is ~ Neutralinos are in general superpositions of gaugipos

. . 6 .
a further one with clockwise circulating particles in the loop. andZ) and HiggsinogH, andHy,).” The couplings of sfer-
mions to neutralinos involve only the gaugino components

we assumed all the left and right squarks degenerate in ma%pgg ]Lo;nrtn‘:irr?]gjl(mf“\r/:twai’nwﬁ re\:nfﬂ IS Hille ;Easéso o;lthe
in order to simplify the multiparameter dependence of the>rancard fermion aiso entering the ve teaehile thez™ only

neutralino phenomenology. We also neglected the effects o;?c‘glesiEﬁoﬂgﬁégisigﬁ{r}g s-li-girllt'at::oﬂlsr,eC;Sreiﬁc;lecvoerln-
a possible stop mixing. Here, we will examine the general YSX2—= X1 d gaug

: : ~0_ ~0 ponents in bothy$ and? (for the sfermion-exchange pro-
case and we will see that the behavior of B3 — x17) esg or simultaneous Higgsino componentdor the

can be affected by the top squark-sector parameters in di 0. axchange procesThis is partly true even when the ex-
ferent ways when the radiative BR is enhandydiamically changed particles are on their mass shell, that is when the

or kinematically ~0 it ~0 " -0~0
The outline of the paper is the following. In Sec. II, we two-bady chlannelgzzaff andfory ;—Z7x; are open. The
above requirement does not hold for the radiative decay,

review the theory of the radiative neutralino decay in the”. . . o
MSSM and fix the notations. We also introduce the possiblesmce in general both the gaugino and Higgsino components

scenarios where a largg(x 9— 0y) regime can arise. In of neutralinos are involved in each graph of Fig. 1, apart

: from the diagramg@ and (b) for a massless fermior.
Secs. Il and IV, respectively, we go through the SUSY pa Hence, whenever 2(32) is mainly a gaugino whilg (% 9)

rameter regions where dynamicaland akinematicalen- is dominated by the Higgsino components, the tree-lagel

hancement of the radiative decay can take place. In Sec. \v/S\’/idth for directydeca sgl%lls down F.)';md tm’~o_)~0 ) is

we perform a numerical analysis of the radiative BR in the y . X2 X1V
enhanced. For pure gaugino and Higgsino states,

relevant parameter regions. Finally, in Sec. VI, we study th (% 9—%%) can reach 100%. In particular regions of the

top squark sector influence on the radiative neutralino decay. N o
In Sec. VI we draw our conclusions. arameter space, this picture can be modified by the presence
’ of a light chargino. Indeed, the cascade decdys
—X5 (—=X3f1f)fof5, when kinematically allowed, can
Il. ENHANCED B(xJ—X2%y) REGIMES take place even for different physical composition of the two
neutralinos, throughW=-exchange graphs involving both
3s and H’s. Note that a different dynamical suppression
(that we call reduced dynamical suppressianh the tree-

The radiative neutralino decay receives contributions, in
convenient gaug6], from 16 graphs with all the charged

(both SUSY and non-SUSystandard particles flowing in level direct decays can take place when the sfermions are

the loop. The corresponding Feynman diagrams are disﬁeavy and thez%-exchange channel is dynamically sup-

played in Fig. 1. As a resull;—x1Y Is a very interesting OSressed by the presence of a dominant gaugino component in

Fhrocess in |:self, S|gce |tt|s lnf:cutinc&%StiAs?_'me exten:}, by al t least one of the two neutralinos. The latter case will be of
€ parameters and sectors ot ne - MOWEVET, bEING Cy e relevance in our following numerical analysis.

higher order with respect to the main tree-level decays, the . :
channely 39— ?y typically has a BR not larger than a few As for the decays into Higgs bosons, whemo(mao)

0 =O0RKO/AO
percent. In previous studie$l6], the possibility that <(myg~ m;{g), the two-body channefg;— 'h°(A%), open
B(x9—%2y) gets large in the special cagd=H, =7 UpP too. Naively, the_ Iatter do not seem to suffer from any
has been considered, according to approximate formulae f(SiYDaT'Cg“ suppression, since the MSSM predicts the vertex
the matrix element of the process, including only the mainZHih"(A"). However, we will see that an effective dynami-
contributions from thenv™ /Y™ andt/t, loops. In Ref.[6], cal suppression can be achle\{gd when one of thg two lightest
after the full calculation of the matrix element and the decayneutralinos is dominated by & component(nouusot any
width, two examples of scenarios with larggx 3—x2y)  9auging. In this case, due to the absence of ig;h"(A”)
are given, in two different limitsAsymptoticvalues of the ~Vertex, the neutralino decays into Higgs bosons are depleted
relevant SUSY parameters, according to which the actuz®S Well, and thé8(x — x 17) can still be non-negligible.
radiative processes arg—Hy andH;—H,y, are consid-
ered (see below. In Ref.[5], by using the full calculation
and assuming the gaugino-mass unification, we stress theé®ror the neutralino or chargino sectors, we use notations similar to
presence ohonasymptotiaegions of the parameter space, Refs.[17, 1§. In_particular, for the neutralino mixing matrix, we
where the radiative process is still enhanced. In the followingise the basisy, Z, H,, Hy), instead of B, W5, H;, H,), used
more general approach, we show that all the above scenariasRef.[1]. This choice is particularly suitable for our purposes.
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B. Kinematical suppression wheref,~10"2 andf57 is a number<1, depending on the

When}2andy? tend to be degenerate in mass, the widthsPh0tino andz-ino content of the neutralinos.

X : 0 i
for the differenfy$ decay channels approach zero differentlyCh irfgfeorg:g:)ahm\tfsgeerfgg; {:;Tnfefr:nhs di:tned bsefﬁgcilgrn bee);\-/veen
as the quantltys=(1—m;2/m;g) vanishes. For the radiative Egs. (2) and (3;). This implies that, whenever in the direct

decay, one hags] decay the sfermion exchange is suppressed with respect to
2 2 2 .3 2 the Z° exchange(either because of large Higgsino compo-
95979, (m;O_ m}o) 95079, nents inX(l’ , or because of rather heavy sfermipiise ratio
~0 ~0 o 112 2 1 and 112 3 ! ’ .. .
I'xe—x17)= 3 5 €0 myoe’, of the direct tree-level- and the radiative-decay widths tends
m m;g 7 to vanish ase?, when e—0 (m;g—>m;2). Hence, e.g., for

(N (myo—m5o)~10 GeV, andmyo ~M, the radiative decay

where g~o~0 xeg¥16m2 is an effective coupling arising BR Will receive a factor of enhancement1(? from kine-

Xaxe? . o .~ matics. Also, the standard fermions in the final state of
from the one-loop diagrams in Fig. (In general a compli-  $0_ ~0¢¢ can have a non-negligible mass when neutralinos

cate function of all the masses and couplings to neutralino§, o degenerate within a few Gefé.g., whenf=7,b). The
of the particles circulating in the loops latter may be an additional factor of depletion for the tree-
On the other hand, the three-body direct tree-level decay,g| decays.

receive contributions from eltheZO-exchange_ grap_hs or Regarding the cascade decays through light charginos,
sfermion-exchange graphs. The former, involving thegey are, in the same limit of negligible sfermion-exchange
Higgsino components only, in the same limit, lead&17]  ontributions, at least as kinematically suppressed as the nor-

5 mal direct three-body decaygdeed,m;o>m:=>nmo and

~ M= X2 X1 X1

4
~0  ~0¢¢ ~ gl e the W*-exchange graph behaves like tA& exchangg On

FOe=x111 )20 excn e-o = M3 € @ the other hand, in general, this class of decays will not be
suppressed by a small coupling of the kifgf in Eq. (2).

wheref,,~1072 and f; is a number<1, depending on the Furthermore, the two-body decay into Higgs bosons cannot

Higgsino content of the neutralindfor pure Higgsinosfi  take place when the mass difference between the two lightest

=1). Equation(2) implies a sum over fivesix) flavors of  neutralinos is less than a few tenths of GeV, because of the

final-state quarkgleptons. Finally, for the sfermion ex- current experimental limits om(h®) andm(A°) [19].

change, one has The conditions(a) and (b) can be translated into require-
5 ments on the SUSY parameters gam, M4, andM,, which
o o — g4f\;vf;z m;g set the mass matrix of the neutralino sector. The tree-level
FO—=x1ff Jiexch evo =3 —7 € (3)  neutralino mass matrix reads, in the convenient biasisy,
my —iZ, H,=H, cos8—H, sinB, H,=H, sinB+H, cosal:
|
Mo Oy + M,sirfby,  (M,—M;)sindycodby 0 0
~0= . . 4
Mo 0 M u sin28  —u cosB @
0 0 —u cosPB —u sin2B

It is easy to recognize in Eq4) two 2X2 blocks, which only be of the H,-type_ (sometimes called ‘“symmetric
correspond tq(i) the gaugino mass terms, parametrized byHiggsino”, with notationHg). Note also that wheM ; =M,
M, andM, and mixed by the weak angltheir source is soft (or tan3=1) the off-diagonal terms within the>22 gaugino
SUSY breaking and (ii) the Higgsino mass terms, param- (OF Higgsing block disappear. The limits,; —M,)—0 and
etrized by and tarB=v /v, , whose source is a SUSY term tanB—1 will be crucial for the enhancement of the neutralino

in the MSSM Lagrangian, which mixes the Higgs doublets.radiaﬁve decay.

Then. there are onlv two off-diagonal entries non included i The outcome of the neutralino mass matdxin terms of
’ yw 1age £nies non Inciu Mhe neutralino physical compositions and mass eigenstates
the two 2<2 blocks, corresponding tbl,-Z mixing terms

a < has been extensively studied in REf8]. We use the results
and equal tdVl;, which come from thédHZ couplings and  of that analysis and concentrate here on what is relevant in
the SUSY Higgs mechanism. As a consequence, apart fromrder to realize either a dynamical or a kinematical enhance-
the asymptotic cases wheM, , and/or|u| are much larger ment of they 3—% 2y decay.

than thez® mass, it is not possible to have either a pdrer As already mentioned, sorresymptoticregimes, where

a pureH,. Hence, whenever a neutralino has a sizeable 95—y is enhanced, were anticipated in RE]. Some
component, it must have a sizealtlg component as well enhancement is expected in the following two cases.

(and vice versp This means that a neutralino can be a pure (i) Light-Neutralino Radiative Decay (M;, M.,
gaugino only when it is a photino, and a pure Higgsino canu|<M-). Then, a dynamicaf 39— %y enhancement is re-
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alized, sincéy—7y gnd}‘gﬂﬁb or vice versa. In Refl6],  through this mechanism. In addition, in this regigr can

the limit u=0, y—Hy is treated analytically. Such small often decay through cascade channels into a lighter chargino
values of the parameters are not yet excluded by LEP dataith a non-negligible branching fraction. Numerically, by
provided Istan3<2 (what is called sometimes *“light using the full formulas, we checked tHa€y 5— $v)<10%
Higgsino-gaugino window{20]). In fact, in this particular  always forM, ,<2-3 TeV, and|u/=45-50 GeV. Further-
region, a number of things happen&@) when |ul/Mz,  more, it turns out that to have a sizeable radiative decay in
M,/Mz—0, the chargino mass generally satisfies the currenfis case(that is to suppress both direct and cascade tree-
LEP lower boundsib)_if also M1/Mz—0, the neutralino |eye| decays one always has to enforce the condition

mass eigenstates angHy (with mass eigenvalye0) and (1, m_)<2_3 GeV, which critically restricts the pho-
the symmetric and antisymmetric combinationsZodndH , X2 X

(with mass+M). Then, when taf—1, the lightH, de-  tON €nergy. o o
couples and the neutralinos can only interact with e Note that, for nearly degenerate Higgsinos, the radiative
boson through the vertex°H,H,, which is largely sup- corrections may actually spoil the enhan_cement mechanism
pressed by the phase space at LEP1 energies, simde,)  ©Of at least, render.the_tree—level ana!y5|s .rathgr inaccurate.
+ m(Hb)] :MZ' AS a resu't, the data on tl’@o peak can For I.I’IS'[anC.e, the HIggSIr)O-maSS Spllttlngs In.thIS region can
hardly constrain this particular region. For instance, in Refreceive radiative corrections as Iarge_ as their tree-level val-
[21], the analysis is performed by considering the bounds oes(i-e., up to*(5-10 GeV], if the mixing between the two
I'(Z°—~%%%?) from the invisible Z° width and those on top squarks is largg22]. _ _
I(Z2°—x% %9, X9¢9) from the direct search of neutralinos.  Now, we want to extend the quoted studies by analyzing
However, only the decayg 39— $z*)—=Y%ff are fully the more general framework where either a dynamlcgl ora
taken into account, while the radiative decay, although genkinematicaly 3— Iy enhancement can be realized, without
erally dominant in this region, is not properly stressed. In the2Ssuming any particular hierarchy between the SUSY param-
analysis of Ref[20], a tighter BR bound from the radiative ©ters and relaxing the usual unification condition on the
neutralino decay has been included as well as the effects @RUgIN0 masses. We will not concentrate on particular limits
data taken at/s aboveM, . In spite of that, part of the region ©f the SUSY parameters such &6, or M,—0 or |u/—0,

in the (1, M) plane withM,, |x|<10 GeV still survives for ~ Since they have been either already excluded by LEP data or
u<0 and tayB close to 1. This region is wider whew, is ~ discussed above. _ .
taken as a free parameter and allowed to be quite larger than " the following, we will neglect the effects of the radia-
M,. Some significant improvements in probing the abovellV€ COrrections on the r]eutralmo mass matrix elements_. In
region could come from a careful analysis of the data of théXef.[23], the full calculation has been carried out. Regarding
recent LEP short runs afs=130 and 136 GeV and those of the radiative corrections to the neutralino mass eigenvalues,
the near future at/s=161 and 172 GeV. If the light they are fognd to .b.e generally at the 'e"‘?' of 3-8 % and of
gaugino-Higgsino scenario is realized, all charginos and neLf—he same sigripositivg for all the mass eigenvalues. Only

tralinos are expected to have masses in the kinematical reaggcasionally, the lightest neutralino mass can receive larger
of LEP2 and should not escape detection corrections. No conclusion can be easily extracted from that

(i) Higgsino-to-Higgsino  Radiative  Decay (|, analysis about whether or not and how much the radiative

M,<M,, M,~TeV). This corresponds to a particular as- corrections may change the composition of a neutralino
yrrfptoticl:’casze of the kinematicRld— % 0y enhancement. In- eigenstate and, in particular, to what extent, for instance, an

deed, in this situation the two lightest neutralinos have nearl Imost pure photino at the tree level, could turn out to be a

degenerate masses close|td, and are both almost pure ore mixed state at the one-loop level. Our scenarios for an

Higgsinos. Hence, the direct tree-level decays can only Ioro(_anhanced radiative-decay regime rely on a certain amount of

ceed througtz%exchange graphs and the ratio between théaldjus.tment between diffgrent SUSY parameters in order to
corresponding width and tH’élz_jH'Zly width can be ob- 9€t either pure compositions for the eigenvectors or degen-

tained from Eqgs(2) and (1), and is independent of the sfer- eracy for the eigenvalues of the neutralino mass matrix. As
' i;r the kinematical-enhancement mechanism, we will show

mion masses. In a sense, this is an optimization of th . :
kinematicalsuppression mechanism, since the presence dfat @ mass differencen(zo—myo)~10 GeV, with myo,

contributions from the sfermion-exchange diagrams tends to=Mz, is in general sufficiently small to get&(x 3—x 37)
cancel this suppressidef. Eq. (3)]. On the other hand, in of order 40% or more. Since the higher-order corrections to
the present case, the factigy in the numerator of Eq2) is  the neutralino masses have gen_erally a fixed sign, one can
close to its maximum 1, hence depleting the radiative-BRexpect a common shift of the different masses, while the
enhancement. In the asymptotic limi@], one finds relative mass differences change only slightly. Thus, we ex-

L ) pect that the kinematical suppression keeps almost un-
I'H;—H MM
(H1—Hoy) ~O.3Czaew{ M

: ©)

changed for m;(g—m;cf)~10 GeV and that our treatment
F(ﬁlﬁﬁsz ) ,LL(M1+ Mztanzew)

substantially holds even after radiative corrections, with a
possible slight redefinition of the interesting regions in the
whereC is a number of order unity weakly dependent on theSUSY parameter space. Concerning the dynamical-
ratio M 2,/u?. Here, for largeM 12 values of|u|<M;/2 are  enhancement mechanism, similar arguments may be used,
generally already excluded by LEP1-LEP1.5 data, sincelthough in this case there are less clues to guess the effects
they lead to chargino masses lighter than 45-50 GeVof radiative corrections. However, we will see that the
Hence, Eq.(5) tells us that one needsery large values of amount of parameter adjustment required for the mechanism
M , to get a significant enhancement of the radiative decayo be effective is not very large. For instance, there are sig-
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nificant regions in the parameter space whiied ,|Hy)|? sing| 1 M,— s 172
and/or|[(x$ ,/7)|? areonly about 0.8 and the dynamical sup- {co&;&] =— |1+ > > 9)
pression is still effective, with th&(x5—%Jy) of order V2 V(My— )2 +4M3

50% or more. Hence, an adjustment of the parameters at the _
level of 20% should survive the inclusion of the radiative Réquiring that the pure states correspond to the lightest neu-
corrections. tralinos,x . andy$, the absolute values of both the eigenval-
An additional remark is due for the case of the kinemati-Ues in Eq(8) have to be larger than boti, (or M) and|u|.

cal enhancement mechanism. Since the latter arises frof} the parameter space not yet excluded by the LEP data, this
situations where the two lightest neutralinos are close irffan be achieved only if
mass, a too strong degeneracy may prevent the experimental

detection of théys decay, due to the emission of too soft
photons. In general, one can ensure the presence of a use[u

experimental signature and the phenomenological relevanc ) corresponds to choosing the negative sign before the

of the neutrall'no radiative decay t.)y reqwnngu(g—m;g) square root. It is then sufficient to lookmt|;_),. The latter is
=10 GeV. This, of course, effectively depletes the actuahways smallergreatey than bothx and M,, wheneveru

B(x2—X17) that can be achieved by the kinematical andM, are largersmalle) thanM /2. On the other hand, if
mechanism in a real experimental framework. On the othe;g,d<|\/|z/2<|\/|2 or M,<M,/2<p, m&—)z can still (but not
hand, if the available c.m. energy is large enoughiilean  necessarily has ide large enough to allow the mass order-
receive a sizeable boost, even wheng§—mso) is very  ing needed for the dynamical suppression. However, values
small (for instance, when produced in association witfa  of M, and/or|u|<M/2, with u positive, are generally ex-

at LEP2, or with ay at the Tevatron In order to assess to cluded by LEP data. This is true either because of the
what extent this is true, one can take into account that, asshargino-mass bound, or because of the direct searches of
suming an isotropic radiative decay of the produgddthat  neutralinos, even without gaugino-mass unification assump-
is neglecting spin-correlation effegtshe resulting photon tions, and even in that window with very smadl| and M,

has a flat energy distribution in the laboratory, with endwe treated above, for any t8nAs a result, the dynamical

,u,<0. (10)

l}leed, wheru is positive, the smallest absolute value in Eq.

points: enhancement can be present only fo«0. Note that the
eigenvaluen{,”, corresponds to a massless neutralino when
E EZ m;o_m;[) ILL:MZZMZ'
E(Y) min ma= —2 = 2 _q =2 Quite different is the situation fopu<0. Points in the
min, max M=o v 2m~o ) *) .
X5 m)73 X5 SUSY parameter space whemej-), are both heavier than

|| andM , do exist for small values dfu| and/orM,. This is
whereE, is the production energy of thgQ in the labora- ~ @lso true for large values ¢f andMs, i.e., far away from
tory. the LEP exclusion region. For instance, let's examine the
case u=—M . In this case, whenever <M,<M,/2,
Im{"),| is always less thafu| and corresponds to the next-
to-lightest neutralino, the lightest one being the photino with
As already seen, requiring one pure gaugino and one pum@assM;=M,. Then, no dynamical enhancement can take
Higgsino eigenstate from the matri4) implies both: place. ForM;/2<M,<M,(1+v3)/2, the neutralino eigen-
states corresponding tm{;"), are always the two heaviest
M;=M, (6)  ones._Then, the radiative deckly,— %y, for M,<M, or
y—yHy, for M,>M, benefits from a strong dynamical
and suppression of the tree-level decays. Whén gets larger
than 1.3M;, m{;?), becomes the next-to-lightest neu-
tans=1. (7 tralino, whileH,, 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(x5—X%y) in the (M,M,) plane, in the vicinity of the
diagonalM;=M, (see Sec. ¥
Of course, whenl,—M,) and(tan3—1) go away from
) 1 0, all the arguments given above, including the condition
m(H;)—E: > Mo+t \/(Mz—M)2+4M§] (8) (10?, have to be mtended in a wegker sense. Large radiative
a BR'’s can be obtained, even in points of the parameter space
y where|M;—M,|<M,/2 and taB=<2. As for the validity of
and mixing angle the condition(10) in a less restricted case, one has to note
that a massles&r very lighy state is present whenever the
equation
Of course, the physical neutralino masses are always positive, but
the sign of the mass eigenvalue has its own physical meaning, being M1 Mou=(M;coby+ M,sirféy)M32sin28 (1)
connected to the neutralif@P quantum numbers and entering the
expressions, in the basis we adopt, of the Feynman amplitudes f@&pproximately hold§18]. This implies a positivex. For gen-
processes involving neutraling$,17,18,24 eral values oM, , and tarB, this state is a superposition of

. DYNAMICAL ¥9—%%y ENHANCEMENT

One then has a purg with massM,(=M,) and a pureH,
of mass(—u) in the neutralino spectrum. In_this limit, the
other two neutralinos are mixtures bf, and Z with mass
eigenvaluegincluding their sign’ [18]
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FIG. 2. Contour plot for the quantitiega) A=(X 27X XIHp)? and (0) B=(¥Hy)AX37)? (A,B<1), in the case tgh=1.2,
u=—2M5. A and B give a hint of the “purity” of the limit x?=7%, X9=Hpg or vice versa. The line corresponding to gaugino-mass
unification is also shown.

all the four interaction eigenstates. Whev {—M,)—0 its  considerably high valuéof A, B can generally be achieved
photino component tends to vanish, while it§ component for M;=M,, when taiB is close to 1. Some deviations from
gets smaller and smaller as & 1. Hence, in general, in a the expected behavior in the limil =M, and tapg=1 we
wide region in the vicinity of the curve defined by Ef1) in  treated above are due to our choice@al.2. In general, the
the plane M,M,), the lightest neutralingor the next-to- presence of contour lines that delimit an abrupt change of
lightest ong is a mixed state made of Higgsind-ino and  regime in eitherA or B generally corresponds to a crossing
no dynamical-enhancement mechanism can be present, evinthe mass ordering of a physically “pure” neutralino and a
if M;=M, and taB=1. “mixed” state (or of two “pure” states.

In our numerical analysis, we have not found any case of For instance, in Fig. 2, proceeding along thg =M,
sizeable dynamical suppression for positive valueg,oin  diagonal from small to larg#l, , values, one can single out
the allowed regions. Note that, for a positiue a very light  four different regimes and this can be explained by the dis-

chargino can be present. In particular, if cussion above. The behavior AfandB along this diagonal
is of particular interest, as anticipated. Indeed, the latter is
M,u=M3Zsin23 (120  the only region wherd, B can substantially exceed the 0.8

level and the dynamical enhancement mechanism can be
the light chargino is massless. This gives rise to “forbidden” fully effective. WhenM, ,<150 GeV, the lightest neutralino
regions in the SUSY-parameter space in the posjtivease, is an almost pure photino with mass closeMq , and the
where our basic assumption LSR{ may not be satisfied.  next-to-lightest neutralino is a mixed Higgsind-o state
On the other hand, even rim;l:>m;2, the chargino often with mass close to Eq8), (the + refers to the sign consid-

turns out to be lighter than thg2, opening the cascade chan- €r€d in the equationAlso, X 3~Hy, with mass close to-p,
nels, which do not suffer from dynamical suppression. This2Ndxa is the other mixed state with mass close to the abso-
happens, for low ta8, only rarely for u<0 and often for Uté value of Eq(8)_. For 150 GeVeM, ;=—n=2M the
«>0, and provides a further explanation for the lack of sig-MoSty Ho ang(;[he Ilghttiromlxed states exchange their role,
nificantB( 9— ¥ 2y)-enhancement regions in the positixe- 2€comMing thex; and theys, rgspeg%veQbTh|s arrangement
case. is then suitable for a dynamic&8(y>— x iy) enhancement

. ~0_~ ~0__ L
In order to get a general insight of the neutralino physicalVith x1=7y and yz=H, [cf. Fig. 2a)]. For 2M,

composition pattern, we show in Figs. 2—4 the behavior in<M12<200 GeV, the mass ordering of the dominarly
the (M,,M,)_plane of the quantitieﬂ=<}?|7>2<}8|ﬁb)2 andH, states is exchanged, but one still has a scenario with

andB=(x J[H,)4(% 97)2 (A, B<1), which express the neu- dynamical enhancemetf. Fig..Zb)]. Note also that the

tralino physical purity in the dynamical enhancement frame{W0 Mixed states exchange their role as well, the one corre-
work. We also study the effect of varying both theand sponding to the negatlve mass elgenvalu'e becoming lighter
tang values in the interesting ranges. In the following, wethan the other. This double level crossing actually takes

will see that, in order to achieve an appreciable dynamical

enhancement oB(x 93— $7), eitherA or B should be as

high as 0.8-0.9. This condition is fulfilled in a substantial &Note that in the “democratic” caséy °[7)2=(¥?|Hp)2=1/4,
portion of the M,,M,) plane, for low taB. As expected, i=1, 2, one would havéA=B=1/16 only.
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FIG. 3. The same as in Fig. 2, but fpr=—M3.

place in the highly degenerate poiM;=M,=—usin28 tity A can reach higher valugef order 0.9 or morg and the
=179.4 GeV, where all the contour levels in Fig. 2 tend toregion whereB is large is also wider in Fig. 3 with respect to
crowd. Points of this kind will turn out to be of relevance for Fig. 2. Furthermore, it is interesting that it is possible to
the kinematical mechanism tdaef. Sec. IV). Finally, when approach high values & andB (A=0.9 andB=0.85 in a
M, ,=200 GeV the negative eigenvalue corresponding to theertainM, , interva) even in the gaugino-mass unification
mixed state crosses the mass le¢elM, ;) of the almost case.

pure photino, which then becomes . Then, the dynami- For tarB as high as 4Fig. 4), A andB never reach 0.8
cal mechanism stops working, in spite of the presence of aand, consequently, never prompt a sufficient dynamical
almost pureH, as$. B(x9—x %) enhancement.

In Fig. 3, we show how the general picture farand B
evolves whenu goes from—2M, to —M . One can check
that the situation is qualitatively similar to the previous case,
once the whole structure of the contour plots in the, (M) As anticipated in Sec. Il, when the contribution of the
plane is shifted toward the new crossing poMt =M, sfermion exchange to thgS tree-level decays is suppressed
=—u sin28=89.7 GeV. Note, however, that here the quan-(i.e., for heavy scalar masses and/or absence of non-

IV. KINEMATICAL ¥ 9— %%y ENHANCEMENT
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FIG. 4. The same as in Fig. 2, but for=—M; and taB=4.
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negligible gaugino components in boiff and’y9), the ra-  that we present in the next section. On the basis of the nu-
diative decay is enhanced by a purely kinematical factor, fomerical analysis, we found that necessary conditions for an
almost degeneram;g andm;g. In order to find out where in  exact degeneracy of the two lightest neutralino states are

the SUSY-parameter space the masses of the two lightest _ _
neutralinos are almost degenerate, one has to consider the tap=1 or M;=M,, (19
fourth degree eigenvalue equation associated with the neyii, the additional requiremenu<0. The latter directly
tralino mass matrix4): translates in someecessaryconditions for a sizable kine-
matical enhancement &(x 5— X 7). Interestingly enough,
these conditions are the same as the ones we found in Sec. IlI
with for a dynamical enhancement, although in the latter case, the
two conditions on ta@ and M, , have to be fulfilled at the
A= —Tr(Msz0)=—(M1+My), same time. The conditior(@5) for aB(x 9—x Jy) kinemati-
cal enhancement are of course interesting only in regions
B=M;M,— u?—M?2, allowed by LEP1-1.5 data. Furthermore, we do not consider
here asymptotic regimes with ; ;> M and/or|u|>M;, or
C=u’(M1+My) M1 ,<M; and/or |u|<M;. Indeed, for instance, the limit
) _ ) |u|<M 1 5, M7 leads to two almost degenerate Higgsinos-like
+MZ(M1C0S i+ Mosir’ by — . sin2g), neutralinos, as discussed above and in F&f.Other asymp-
totic cases with possible degeneracy have been mentioned in

O=m’+Am’+Bm’+Cm+D

D =de{M5o) Sec. Il. Here, we will limit our analytical and numerical
— W[M2(M;cOL0,+ M.Sir2 o) sin28— wMM,], analyses to the region whetg| and M, fall both in the
u[MZ(My wt M w)Sin28— uM1M;] interval [M /4, 4M,].
(13 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
M;=M,. Then, it is convenient to solve the Ed.3) just in
terms ofM, as a function of the generic eigenvaloe. For
%iii,u,, one then gets two branches

wherem; (i=1,...,9 is the general neutralino mass eigen-
value. Then, one has to force E43) (which, arising from a
Hermitian, real and symmetric matrix, has four real rptds
have (at leas} either two identical roots or two opposite
roots,mP=+m? (when using the superscript 0, we gener-
ally refer to a degenerate eigenvalde

Exact expressions for the neutralino masses and mixin
can be found in Ref.25]. Here, we are mainly interested in
special cases for which it is possible to extract approximate m+ u sin28
formulas, more useful for a physical interpretation. (My).=m;, (My)_=m—M2 ————. (16)

Involving a linear combination of 12-dimensional terms M= p

1
(where up to the 4th power of one of the coe_zf_flueAtsB, Note that the branciiM,). describes the behavior of one
C, D can appear the general necessary condition to get tWOneutraIino mass eigenvalue only, while the bratihy) _ is

|di$nt|cr?l root? :‘r%rfn rlfr?(t1i3)r; Sﬁﬁm?, fgr ttog c%rinpllcatidhtor threefold and corresponds by itself to three generally differ-
give any usetul information and even 1o be diSpiayed nere, ; eigenvalues. The two main branclikk,).. intersect in a
As for the case of two opposite roots, a simple necessar

o . Eﬁoint (corresponding to a degeneracy with same-sign eigen-
condition in terms ofA, B, C, D can be derived values:mﬂj=M2), whenever

M]_:Mz:_,u SinZﬂ. (17)

This case is quite interesting. Indeed, one has

A%D +ABC+C?=0. (14)

Unfortunately, Eq(14), when translated in terms &4,, M,
u, Sin28, and sifé,,, turns out to be quite complex too.

Thus, in the following, we consider only interesting limits of m2= mg: M;=M,=— u sin23, (18)
the SUSY parameters, such asg@anl or M;—M,. Hence,
by reducing to zero the off-diagonal terms in one or both of — mg= mﬂz \/m (19

the 2x2 blocks of the matrix4), one considerably simplifies
the eigenvalue Eq(13) and allows to disentangle the rel-
evant degeneracy scenarios. In this way, we will single ou
some sufficientconditions, which ensure exact or approxi-

that is, the two mass eigenvalues with the lower absolute
balues coincide, while the two eigenvalues with the higher

: : absolute values are opposite. As for the composition, one of
mate degeneracy between the two lightest neutralino stat

. . ; : e two light degenerate states is a pure photino, while the
This procedure will be supported by an extensive numerical g g b P

: : ~ T with (F1=0\2_
study (scanning the whole SUSY-parameter spagkthe  Oer S a mixture ofZ and H,, with (Z]x2) = p cosB/
relevant mass splittingngzo—m-o), which is shown in the ~VMz+ u“c0s2. Thus, the scenario of Eq17) is relevant
2 1 both for the kinematical and for the reduced dynamical en-

hancementcf. Sec. I), since thez®-exchange contribution

to the tree-level decays is highly suppressed. The degeneracy
corresponding to Eq18) is of course removed whevi ; and

%The physical neutralino mass is given w?:|m‘|‘ M, get far apart. Nevertheless, one can check that for

following, as well as a numerical analysis B{y 5—$v),
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(M;—M,)~10 GeV the degeneracy may still be effective find the regions of the parameter space interesting for the

for a sizeable kinematical enhancement of the radiative dekinematical enhancement. Since, in contrast to the case of

cay. Eq. (20), Eq. (22) gives rise to interesting scenarios, it is
In principle, one can get other degeneracy scenarios byseful to consider here, in addition to w1, the special

using Egs.(16) in different ways, but we will show in the limit sin20\N=0, which allows a simplified analytical treat-

following that they are not relevant for our purposes. First ofment. Indeed, in this way, two free gaugino mass parameters

all, it is clear that the degeneracy between the heavier neware still present, but the mixing in the gaugino sector disap-

tralinos corresponding to E€L9) cannot be a direct result of pears. Furthermore, this limit is not too far away from the

the intersection of the two main branch@g,). . However, real physical case sifi,=0.23. Equatior(22) gives then the

it can happen that two of the three sub-branches of theolutions(when taB=1)

branch(M,)_, for a given value oM, correspond to two 1

opposite eigenvalues, and hence to degenerate neutralino 0_ . 0_ _ N IVYA

masses. This is the case whem%— x2)=M 2, which is mp=my=—p=7 (MoF yM;+2M3). 23

nothing but the degenera¢$9). The additional fact that in ) . ) )

such a scenario one necessarily has Mse-—u sin28 [cor- The existence of the solutiori23) (not their exact forny is

responding to aeal intersection of the two main branches independent of the limit sf,—0 and the corresponding

(M,). and to the further degenerady8) of two always €xact degeneracy is removed only for gafl. The introduc-

||ghter neutralino Statésfnakes the above circumstance neg_t[ion of this limit allows us to diseljtangle two other interest-

ligible for us here. One can look for other cases of degening cases, as long as 8#1, that is

eracy by considering the possibility that one of the eigenval- 0 .0

ues described by the bran¢M,)_ has the same absolute mi=mj=—u=My, (24)

value of the one corresponding to the braréh,),, but

opposite sign. This corresponds to solving the equation and, when the condition

M~ u sin2B M. — Z__ . _o -
M: =Mz Z 2M2=0, (20) vyl (25
while, for the two degenerate eigenvalues, one has® fuffilled,
mp= —m?= M ;=M,. The solutions of Eq(20) are in gen- M2
eral complicated expressions, but one can easily find them mO=mP= M = - z_ 26
numerically. After such an analysis, we did not encounter M;—M,

any further case of exact neutralino mass degeneracy fro
Eq. (20) in the limit (M;—M,)—0 relevant for the kinemati-
cal enhancement, in regions allowed by the LEP data.
Relaxing the limitM ;=M a different necessary condi-
tion to get mass degeneracy in E3) is, indeed, tag—1.
In this limit, contrary to the previous case, the easiest part o
the neutralino mass matrix is the Higgsino sector. Then, w
can solve the eigenvalue equation with respeciutas a
function ofm; , in order to get othesufficientconditions, and
scenarios of interest for the kinematical enhancement. On
then finds again two branches

The latter cases, needing =M , cannot be directly derived
from the two branches in Eq21). The correct procedure to
get them is to solve the eigenvalue equation with respeat to
or M4, by applying both the limits tg®—1 and sié,—0
§imultaneously.

In order to understand the nature of these additional solu-
%ions and their link with the limit sifg,,—0, some further
explanation is needed. A solution corresponding to 24)

urvives when sit,,#0, although the expression for the
egenerate mass eigenvalues receives some corrections, as in
the case of solution§23). What makes cas€4) different

(w)_=—m;, from the previous ones is that the corresponding degeneracy
is not removed when tg goes away from 1 and both
) m,— M coS 6y — M, Sirf by sirf6,#0 and tapB+#1 are needed to do the job. In this
(u)r=m =Mz m—M)(m—M,) (21)  sense, the degeneracy corresponding to ®¢) is more
! DA 2 solid than the others. As for solutiof26), instead, it repre-
where, similarly to the case of Eqél6), the branch(u)_ sents a spurious case which does not correspond anymore to

describes a single neutralino mass eigenvalue and the brangR exact degeneracy when %ip+0, but only to a case
(1), corresponds to three different eigenvalues. Note thawhere two neutralino mass eigenvalues are close to each
here, contranfand complementajyto the case of Eq(16),  other(in the limit tand—1), although not quite equal. To get

one can haven, =+, but notm;= M or M. By using Eqs.  an effective kinematicaB( 32— x 17) enhancement, we are
(21), one can single out degeneracy scenarios witHnterested in scenarios where neutralino mass differences of

m?= im?:,u- In order to realize the case with two same-order 10 GeV or less arise. In order to obtain such a small

sign degenerate eigenvalues, the general condition (mP—m?) when Eq.(26) holds, one needM;, M,<Mg,
|u|, with |u|~TeV [because of conditiori25)]. Then, the
, M+ MCOS Oy, + M,SinP by quantity (M ,co6é,+ M,sirfé,) in Eq. (13) can be treated

2T (M) (e+ My 2u=0, (22 in the same way as it would be in the limit $#,—0. There-

fore, we will neglect this possibilitycorresponding to an
must hold. Again, the corresponding explicit solutions areasymptotic case, already excluded by DERd we will fo-
rather complex, but one can solve E2) numerically to  cus on solution$23), (24).
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We stress that the existence of the solutid®8), (24)  that this can never happen in regions allowed by LEP1-1.5
(not the exact expression for the degenerate eigenvaisies data. Hence, the scenario of E@8) is not relevant for the
independent of the limit sfi,,—0 and the corresponding radiative neutralino decay.
exact degeneracy is removed only for gatl. Anyway, the Finally, it is interesting to note that in the limit where both
simplified solutions we found allow us to emphasize som&ans—1 and M;—M,)—0, both the kinematical and the
remarkable properties which remain valid with a good ap-dynamical enhancements can be optimized at the same time
proximation for Slﬁﬁw=0:23 (and, often, even for tg#=1, i the special poinM,(=M,)=—x, where the two lightest
rather than exactly)1 For instance, the solutions correspond- neutralinos are always a pufeand a pureﬁb [cf. Sec. Il
ing to (23),. and(24) are only possible folronegative values of Egs.(8) and Eqgs(18), (19)]. We will see, in the numerical
M l[et\_/en ';;_leﬁ/i n dthelc?se(gs3)+<].M I/r‘}iccmtrf\_st,_ the  analysis of Sec. V, that a considerably wide region of the
sou Iont(h t)_ IS a{. ovlvel o?y or IIMt\ zZV2 ( Iadlsdmba SUSY-parameter space where higtiy 59— ) values are
region that, particularly for small tg Is excluded by realized is centered on this highly degenerate point.

LEP1-15 data, due to the presence of a light chajgino As for the kinematical enhancement, by using numerical
Hence, solutior(23)_ will not play an important role in the thod did not find ther cl ' y~%f_90 ¢
following discussions. Also, note that the soluti¢?¥) is methods, we did ot Tind any other clear casg iy  exac

mass degeneracy, besides the ones we have described above.

present irrespective of the particular valueM$ and, simi- ) ; s ;
larly, the solutions(23) do not depend oM, in the limit Also, it was not possible to achieve an approximate degen-

tanB—1, sirfé,—0 and exact degeneracy. For&ig=0.23, era_cy(at the level of a 10 GeV mass differet)cxéth_e_r, in
the solution(23) [(24)] develops a weak dependence Mn regions of the SUSY space Whe_re Ihe_cessary:ondmons
[M,], as will be shown in the following numerical study. ~ (15 are rather far from being valid. This does not mean we
As for the limit tan3—1, up to now we only took care of listed all the possibilities for neutralino mass degeneracy. For
deriving some sufficient conditions for the degeneracy of anynstance, one can consider the céke det(M50)=0. This
pair of neutralinos. Now, we need to check when the degencan be achieved either when=0 and/orM, ,=0, or when-
eracy scenarios we singled out actually concern the tw&ver Eq.(11) holds. The first option was already considered
lightest neutralino mass eigenstates. We will focus on th@mong the asymptotic cases. In the second case, one is left
more interesting scenario®3), and (24). Which pair of with a simplified eigenvalue equation, which gives rise to
mass eigenstates is involved in the degeneracy depends algéier degeneracy scenaridsHowever, these scenarios al-
on the parameters not directly entering the approximate corvays give rise also to at least a null mass eigenvalue; hence,
ditions (23), (24), in a generally simple way. For a given the degeneracy can only concern ffiand they3 or thex3
value of ||, typically one observes that, fo,[M,] >|x|, and thex 3. Other complex degeneracy scenarios, not of in-
the degeneracy of the kin@3), [(24)] indeed concerns the terest here, can be constructed.
two lightest neutralino states. On the other hand, as long as [N summary, the relevant approximate scenarios for the
M,[M,]<|u|, the solution for the mass degeneracy corre-B(x 3—x17) kinematical enhancement are given, for0,
sponds tomyo=myo=—u and, thus, does not give rise to by Eq. (18), whenM;=M,, and by Egs(23). and (24),
when tagB=1. In order to get a clear picture of the non-
trivial behavior of the neutralino mass degeneracy, we now
two branches in Eq€21) to meet in a point of thém , x) show a set of contour plot_s for the two lightest neutralino
plane, corresponding to strict degeneracyn{=m®. How- ~ Mass differencertiyo—mye) in the (M, M) plane, for dif-
ever, as done above in the limiv(; — M,)—0 with Eq.(20),  ferent values ofx and tag.
here too we must take into account the additional possibility In Fig. 5, the casgu=—2M is shown for tag=1.2(a)
of a degeneracy with opposite eigenvalue8= —mj’. Im- a}nd _4(b).. The line corresponding to the gaugino mass uni-
posing the corresponding conditioi),=—(x)_ in Eqs. fication is also plotted. The general pattern is highly non-

any kinematical suppression.
All the tanB=1 scenarios above are derived by forcing the

(21) leads to the interesting case trivial and quite dependent on tanin Fig. 5a), one can
easily note the presence of two quite narrow bands, a vertical
m’=— m?=,u= M ;coS Oy + M,Sir by, (27)  one and a horizontal one. The horizontal one corresponds to

the region where the degeneracy scenario of §), is
which satisfies the Eq14) and is only realized for positive approximatively realized for tghclose to 1 and is well out-
values ofu. This gives rise to a scenario where a phigis  lined by the 15-GeV mass-difference contour. As antici-
degenerate with a superposition of the other interactiompated, the band is there only fif;= — w=2M, and shows
eigenstates. The other two neutralinos are mi¥ed-H, only a weak dependence &m,. Indeed, by solving numeri-
states too, and correspond to the mass eigenvalues cally Eq. (22) for the general condition of degeneracy, we
found that the contour line of exant?=m$ degeneracy, in
the limit tanB=1, passes through the pointM{,M,)
=(200, 168.9; (250, 166.2; (300, 165.7 GeV, showing a
small dependence ok, due to the finite value of sfis.
On the other hand, the degeneracy must involve the two
lightest states. It is easy to show with analytical arguments———

N 1
m 35 =5 [MitMp= (M= M) +4M3]. (28)
a

ror instance, one finds a nontrivial degeneracy, for a given value
of tang, in the caseM;=M,=(M,/2)(1+1+8sirf28)*2 and
%The subscript- of the equation number picks out one of the two u= (MZ/\/E)(\/1+8 sirf2B—1)¥2. The corresponding degenerate
possible signs in Eq23). neutralinos ar&J and’3, with opposite mass eigenvalues.
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FIG. 5. Contour plot for the differendgn GeV) between the two lightest neutralino masses in tig (M,) plane foru=—-2M;, and
tanB=1.2 (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.

Note that the same equation indicates the presence of a deig. 5a) do not, since taé is only approximately equal to 1.
generacy also foM,=163.7 and 161.5 GeV, respectively, It is useful to check that the vertical line of approximate
for M;=100 and 150 GeV, but this corresponds to a caselegeneracysee, for instance, the one fist;=175-180 GeV
with m9=m3, which of course does not show on the figurein Fig. 5a)] is directly related to the mass-level crossing of
and is not interesting here. The vertical band, well outlinedwo slightly mixed lightest neutralinos along the same line
by the 8 and 15 GeV contours, represents the degeneragygee, for instance, the behavior AfandB in Fig. 2).
(24). Again, the band is present only f&f,=2M, and has We will see in the next section that the degeneracy along
only a weak dependence dwl,, depending on the finite the M;=M, diagonal will translate in explicit effects on
value of sirf4, . The contour line of exact degeneracy passe(y 9—x ) for tan3 well above 1, while, in the low tagh
now through the points M,,M,)=(179.7, 200; (178.2, case, they will be mixed with and partly hidden by the dy-
250); (177.7, 300 GeV. Again, there is also a degeneracy namical enhancement. A final comment on Fig. 5 is about
concerningyJ andy whenM,;=175.7 and 170.9 GeV, re- the gaugino mass unification. We can see that is not possible
spectively, forM,=100 and 150 GeV. in the unified case to realize aY—% 9 mass approximate
Two additional remarks are in order. First, the verticaldegeneracy at a level of less than 25 GeV mass difference,
band of scenari@24) is clearer and corresponds to a higherunlessM,=300 GeV and ta@ is small (apart from the very
degree of degeneracy. This was explained above, in connetow M, , region.
tion with the relation of this scenario with the limit Figure 6 shows how the general picture evolves when
sirf6,—0. Second, both the 8 GeV and the 15 GeV contoumjoes from—2M, to —M . The behavior of t(n;(g— m;cl>) is

have a bulge where they change direction, along the diagqyyajitatively similar to the previous case, although the re-

nal, towards lower values dfl; andM,. Even more visible  gions of strong degeneracy are shifted towards lower values
is this effect if one observes the 25 GeV contour. This cor4

responds to the region around the point in thé,(M,)
plane where the further case ai?=m9 degeneracy we

1,2 ~ ~ .
Before coming to the numerical study Bfy 5—x 2y), it

X ; , A ! is useful to note that the dynamical and kinematical mecha-
singled out is realized. This is given by E48), that, in the  nism can be present at the same time in special cases and

special case tg@r+1.2, givesM,=M,=—usin28=179.4.  \york together to enhanc8(¥3—%%y). For instance, a
Some degeneracy is still present along the diagonglygerate degeneracy is needed betwagnandmso for the
M;=M,, to the left and below the highly degenerate reglonkinematical mechanism to be effective vlvF;é%an(;”O |

, X5 also

M,=M,=—u, although to a minor degree than in the hori- A o .
zontal and vertical bands. The degeneracy scer(d@8bis have a definite different composition and vice versa. Also
. note that the general necessary conditignse., tarB=1,

more crucial in Fig. &), where ta is far away from 1 and . .
the other degeneracy scenarios cannot be realized. Here tffka=M2. with 4<0) are the same for both mechanisms, and
Is strengthens the enhancement effect.

8, 15, and 25 GeV contours surround the degeneracy poirli
M;=M,=—usin28=85.8 GeV and extend along thd;
=M, diagonal in both the directions. Furthermore, note that
this point corresponds to a case of exact degeneracy, while On the basis of the results presented in Secs. Ill and IV on
the “median” lines of the horizontal and vertical bands in the enhancement regimes for the radiafpfedecay, we are

V. NUMERICAL ANALYSIS OF B(¥5—Xx2y)
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FIG. 6. The same as in Fig. 5, but fpr=—M.

now ready to explain the nontrivial behavior of the corre-if
sponding BR in the SUSY parameter space. One of the main
findings will be the existence of significant regions of this (Myo—mgo) or (My=—mzo)>10 GevV,
space, of interest for collider physics, wher®—Y %y is the

dominanty$ decay. Following the previous discussion, we

present theB(Y 5—x2y) in the (M,,M,) plane, for fixed oyge'e” —>z XXX X ) |<2.4 pb
values of ta andu. 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 conditioM ;/M,=(5/3)tarf6,,. Relax-
ing the latter, the definition of the exclusion regions gets off
course more involved. We considered the following bounds
from LEP1 data on th&° line shape and on neutralino direct
searche$19,21,2(:

Js=136.3 GeV,

(m;(g—m;(tll) or (m;(lt—m;tll)>10 GeV,

[ Z°—SUSY)<23 MeV, which corresponds to not allowing more than ten total visible
events from neutralino/chargino production at LEP1.5. Here
W(Z°—SUSY)<5.7 MeV, too, the branching fractions into visible final states of the
produced particles have been taken into account while com-
B(ZO—>X1X2)<3 9% 1076, putm_g 0yis- The above LEPl._5 limits translate into an ap-
proximate bound on the chargino man§1:265 GeV, when
B(Z°—Y9x%9)<3.9x 107, the sneutrino mass is not too lightn(7)=200 Ge\| and

there is enough phase space available to ensure the presence
where we took into account not only thely $ contr|but|on of rather energetic particles among the chargino decay prod-

to the Z° invisible width, but all the channelg®—xx?,  ucts: (my:—ms50)>10 GeV.
i,j=1,...,4, with followmg invisible decays of the produced A few comments are in order. By applying the above
heaVIer neutralinog P —x Svv(...vv). experimental constraints, one finds that for rather small val-

As for LEP1.5, we imposed the following limits from the yes of tag and Gsu<M, wide regions in the plane
direct searches of neutralinos/charginos during the runs @M, ,M,) are excluded. For instance, at @nl.2 and
Vs=130.3 and 136.3 Ge{26] u=Mg, the area withM;,M,=<180 GeV is forbidden. The
regions with positiveu are, however, not much relevant for
the radiativey decay, as we know from Secs. Ill and IV.
For low tans, negativeu and smallx| (around 50 GeYone
gets highly nontrivial exclusion regiorisee below. On the
at other hand, whenever the chargino search turns out to be the

most effective means of constraining the plahé,(M,),
Js=130.3 GeV, the mass limit and the forbidden region tend to get indepen-

Ovis e+e_*>i2j (;?3??5(7')?,_) <2 pb
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FIG. 7. Contour plot for the branching ratio of the neutralino radiative decaga)jrall the sfermions are taken degenerate with mass
equal to 1 TeV. Inb), the left and right charged slepton masses are taken degenerate and equal to 120 GeV; the sneutrino mass is calculated
by using the SI2) sum rule; the squark masses are taken all degenerate and equal to 300 GeV. The Higgs sector masses and couplings are
set bym,=300 GeV. The shaded region is excluded by LEP1 and LEP1.5 data.

dent of M;. The possible relevance of neutralino searches=ig. 6(@)] and the kinematical mechanism becomes effective
can translate, instead, in more involved bounds, dependings well. The most favorable situation is then realized in this
onM;. region. For larger values o, , in the [100, 120 GeV

In Fig. 7, we show theB(x5—x{y) for tan3=1.2 and  range, the dynamical enhancement dominates, but with
,u_=—MZ_, i.e., in a regime where bo_th the dynamical anc_i;g‘l):Hb and}%z"{/ [cf. Fig. 3b)]. Finally, whenM; and
kinematical enhancement can be realized. The shaded regig, are both=120 GeV, largeB(x 59— y) values cannot
is excluded by LEP1-1.5 data. In this figure and in all thepe achieved anymore.

following ones, we calculate the Higgs sector masses and The relative importance of the various kinematical en-

couplings by assumingi, =300 GeV. In Fig. 7a), the kine-  pancement scenarios can be guessed by comparing Blg. 7
matical enhancement is optimized by the large v&lu®eV) i, Fig. 7(h). In the latter, lighter scalars, that tend to re-

gss#meld for the'\ifermir:)n néaisoes.~vge ﬁngof}/Si?niﬁ%am ar&ftice the effect of the kinematical suppression infHéree-
in the plane M;,M;) whereB(y;— x 17)>90%. Its shape |\/q| decays, are assumed. Nevertheless, a strong radiative

can be straightforwardly explained by putting together theenhancement mainly due to a dynamical suppression of the

:nfrc])rmation froI(n Fig. 3’d OIS' the physi(r:]al purity qu the two tree-level decays is still present féd,=M,=—pu. Note

(;g test neutrla inos, and Fig.(#, on t ?:_net;';]ralno mﬁss that the kinematical enhancement which is expected from the
egeneracy. It is interesting to note in Figajzhow much,  qeenarin(23), [cf. the horizontal band of approximate de-
along theM =M, diagonal, different enhancement mecha- eneracy in Fig. @] is only slightly influenced by the

nisms can be effective and can contribute to a larg : .
B(3(10—>')?07)290% depending on thBl , values. For in- han_ge of the sfermion mass \_/alues, while thgoscgm(?nb
2 1 ! 12 ) (vertical bandl corresponds to higher valuesBfy >— x17)

stance, wheM ; ~M,=40 GeV, the two lightest neutralinos ¢, a4y sfermion masses, and is much more sensitive when
have widely different massésf. Fig. 6] and the kinemati- changing these parameters. This happens in spite of the

cal enhancement is not operative, Furthermore, SING N g0 ater degree of neutralino mass degeneracy corresponding
not .I(_axacaly flylf(é has F:orlnpa|1rabl<z and H|_k|> compongnts, h to the scenariq24). The reason is that in the caé®3), in

spol mgt € full dynamical en .ance”.‘e.”‘- owever, since the,ygition to the kinematical suppression of the tree-level de-
sfermions are very heavy, it is sufficient the presence of EE:ay widths, one has a rather large value of the radiative de-

nearly purey =7y to largely deplete the only tree-level de- ooy \igth due to the presence of light chargitiosy M) in
cay channel lef(throughZ" exchangg and to give rise 10 yho \w=/3* |oops, irrespective of the sfermion masses. For

very largeB(x2—X17) vaIues(reduceddyn_amicaI SUPPIeS- —instance, the poini ,=180 GeV,M,=60 GeV in Fig. 1a)
sion, cf. r?ec. uh Of course, after ‘Ijowerlng the ;Ier_mlon corresponds to a totgf9 decay width of about 100 eV and
masses this enhancement regime does not sufeiverig. only about 5% of it is due to tree-level decays particular,

7(b)]._Proceeding towards highét; ,~—u sin28 val_ues on  ascade decays witm-o=97 GeV, m--=93 GeV, and
the diagonal, one has two enhancement mechanisms getting X2 X1

effective at the same time. First, thi, component of thd ~ Mx2=85 GeV). In contrast, in the “unified” point;=85.2
grows[cf. Fig. a)], giving rise to a “full” dynamical en- GeV,M,=170 GeV, one haB,,(¥ 2)=T'(X3—Yy)~1 eV
hancement. Seconm;(cl) and Mo get closer and closdcf. for 1 TeV sfermion masses, while the tofgh width ap-
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FIG. 8. The same as in Fig. 7, but for @n4.

proaches 50 eV for the lighter sfermion masses used in FiglO(b), the results foru=—55 GeV at tap=1.2 and 2, re-
7(b), about 90% of it coming from tree-level light-slepton spectively, are shown. While a largy >—xYy) can still
exchange channels. be obtained comfortably, we can observe that for increasing
A final remark on Fig. 7 is that there are regions wheretang the regions excluded by present data extend further and
neither the kinematical nor the dynamid{y 5—Y2y) en-  further.
hancements are fully effective, since the regimes for the Going to u=—M;/2 at tarB=1.2 (cf. Fig. 11 has the
SUSY parameters we outlined in Secs. lll and IV are onlyeffect of a moderate shifting of the large BR regions down to
realized with a large approximation. Nevertheless, the comsmaller M;,M, with respect to Fig. 1@&), accompanied
bined effect of the two mechanisms can still give rise to largeagain by a drastic reduction of the parameter space allowed
values ofB(x5—% 7). by the experimental data.
When tamB rises(for instance, tai=4 is assumed in Fig.
8) the physicalpurity of neutralinos decreasdsee the cor-
responding Fig. # and mainly effects connected to the ki-
nematical enhancement in the scenati®) survive. This can
be easily verified by comparing Fig. 8 with Fig(b§. The
value of the sfermion masses is then a relevant parameter.
Assuming lighter scalaiig=ig. 8(b)] considerably reduces the
region of large radiative BR with respect to the regime where
the sfermion exchange in the tree-levg} decay is sup-
pressed by heavy scaldfSig. 8a@)].

W)

B(x2->x

300

250

200

We consider now the effect of varying the parameser
From now on, we will keep the sfermion masses rather heavy
[i.e., we setm(e)=m(q)=1 TeV] in order to optimize the :’Nmo

B(xa—XJy) enhancement. In Fig. 9, the effect of decreas-
ing u down to —2My is shown for tap=1.2.

Again, some insight of the BR behavior can be gained by 0 [
looking back at Fig. Zphysical “purity” of the neutralinog I
and Fig. %a) (neutralino mass degeneracyhe area around

M;=M,=—pu is again particularly promising. However, 50 |

quite large radiative BR’s can be also achieved in three strips ]

of the (M;,M,) plane, corresponding to different kinemati- T - R T R T

cal enhancement scenariad. Fig. 5a)]. Some effects from M, [GeV]

the reduced dynamical mechanism with heavy sfermion

masses are also present. FIG. 9. Contour plot for the neutralino radiative decay BR in the

Keepingu in the negative range, we now go to larger case tag=1.2 andu=—2M. The sfermion masses are all taken
values, which are of particular interest for explaining thedegenerate and equal to 1 TeV ami=300 GeV. The shaded
ete yy+E; event at the Tevatron. In Figs. () and  region is excluded by LEP1-1.5 data.
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FIG. 10. The same as in Fig. 9, but fp=—55 GeV and tag=1.2 (a) and 2(b).

VI. TOP-SQUARK SECTOR INFLUENCE ON B(x3—X%7) hence affecting only the BR of the radiative decay. The op-
posite happens for the top-squark parameters, which directly
o ] R ; influence the radiative width, and are not involved in the
radiative decay width come from th&/"/x ™ loops(cf. Fig.  (ree-level decays in the parameter ranges considered here. In
1), unless one considers scenarios with light top squarks, i.y,q previous sections, we assumed the two top-sqiiaded

60 GeV=my=m (throughout this paper we assume T, degenerate, with a mass equal to all the other squark

m,=175 GeV. In the latter case, the amplitudes CorresDond'masses. Here, we relax this simplification and consider the

ing to t/t loops are non-negligible and can interfere destruc- ; : — :
tively with the W=/ ™ loops, hence decreasing the radiativeeffeCtS of assuming different values ml andmtz and, in

decay width. If one assumes the mass of the heavy tOFpgrticular, the po§sibility~of a rather light. In 'addition,
squark, sufficiently larger tharm,, then the bulk of this ~Since the mass eigenstatgs can be superpositions of the
effect comes from the light top—squaﬂ( Note that the par- interaction eigenstateg r, we also take into account the
ticular values of the other sfermion masses have an importagffect of varying the top-squark mixing anglg, defined by
influence just on the tree-level neutralino decay widths,t;= cosft + sinftg; t,=— singt + cosfty.

In Fig. 12, we show the contour plot 8{(x 35— 57) as a
function of the two top-squark masses, for four values of the
mixing angle ¢, and for two interesting choices of the
neutralino sector parameters which correspond to large-
B(x9—Yx%y) 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 thm{l,myz)

plane (besides a rough direct limit of about 60 GeV on the
top-squark masses from LEP datnd we considered the
physical massesiy, 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 theR mixing angles from

the soft SUSY-breaking parametefise., My , My, My,

i .oy A, Ay, ) as well as fromu and tamB (cf., e.g., Ref.

O R N . [27]). Once the values of the squark masses of the first two

B -"'*1001 T 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 wetl particular’rﬁbL
FIG. 11. The same as in Fig. 9, but fpr=—M/2 and taB =th)' then it seems unnatural to build a coherent model
=1.2. with the heavy top-squark, considerably lighter than 400

As long asmy== My, the main contributions to thgJ

B(xs->xH)
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250

M, [GeV]

50

M, [GeV]
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FIG. 12. Contour plot foB(¥5—%%y) in the (m?l,myz) plane. For each fixed value &(x5—7%3y). four curves corresponding to
different choices of the mixing ang are shown with lines of the same style. Going from the lower curve towards the upper one, one has:
(a) Typical dynamical enhancement scenafig: — /4, 0 (or #/2), +=/4; (b) Special kinematical enhancement scenario with gaugino mass
unification: 6,=0, — /4, + /4, +=/2. The other squark masses are taken degenerate and equal to 400 GeV and the slepton masses are set
at 300 GeV. Alsom(A%) =300 GeV. The big black dot corresponds to assuming the top squark masses equal to the other squark masses, as
in the previous sections.

GeV, especially whert; is very light. Similarly, the light dering corresponds to going from the lower curve to the up-
top-squark is usually lighter than the other squarks. Furtherper one with the same line style in Fig.(b2 while, in Fig.
more, one has to take into account the influence of the topt2(a), the lower curve is obtained fof,=—=/4, the upper
squark sector on the light Higgs boson magsthrough the  one for6,=+ /4, and the curve in the middle corresponds to
radiative correctionscf., e.g., Ref[27]). Especially for low  the almost degenerate contours fp=0 and /2. As a ref-
tang and for moderaten,, the presence of a very ligh{  erence, we also show by a big black dot the scenario of
(mt, =70-80 GeV may inducem, to fall below the present complete squark mass degenerafip particular my_,

experimental limitdi.e., 44 GeV or roughly sfi8— ) X60 =m(g) =400 Ge\l, assumed in the previous analysis. Un-
GeV, from Ref[19]], unlesst, is very heavy(m;zzl TeV). der that hypothesis, one would obtdify 3— % ) =97.5%
The valuem,=300 GeV we used in this section generally in the casga) and B(x 95— 5y)=65% in the caséb). As
makes the latter problem negligible, but the discussion abovanticipated, the radiative BR increases with the top squark
still suggests that some regions of the top-squark mass plangasses, showing a larger sensitivity g . Indeed, when

we show in Fig. 12 may not correspond to a physically acihe mass splittingr(ﬁz—m?l) is sizable,B(x 3% %y) gets

ceptable scenario. Nevertheless, having this in mind, Fig. 12 d dent of the heaviest
and the following one provide useful hints to evaluate the/ndependent of the heaviest masg,.

pattern of the top-squark sector influence By 59— 7). _As for the physical composition of the top-squark mass

In Fig. 12a), we present a typical case of dynamical en-€igenstates entering the radiative decay loops, Figb)12
hancementM,;~M,=60 GeV, u=—M,, and tag=1.2, Shows that a lightest top-squark corresponding to a pyire
while, in Fig. 12b), a special case of kinematical enhance-(6:=7/2) is more effective in reducing the radiative BR in
ment is considered. The lattefwith M,=65.2 GeV, the considered case oikinematical enhancement. Indeed, for
M,=130 GeV,u=-70 GeV, and ta=2) does not opti- & fixedmy , takingt, =t gives rise to a larger cancellation
mize the kinematical mechanism, but has two interesting feabetween thet/t; and theW=/y loops than in thet;=t,
tures. First, the cagd) satisfies the gaugino mass unification case. The mixed cases corresponding,te= /4 fall in the
relation M ;=2 tarf 6,,M,. Second, the value of tghquite  middle of the two pure cases. In the dynamical enhancement
different from 1 gives rise to a sizeable mass splitting be-scenario of Fig. 1@&), the behavior is somehow opposite. It
tween the neutralino$=17 Ge\) and to rather energetic turns out that taking a purg or ty state as the lightest top
photons, even after the radiative decay afodty 5. Further-  squark cannot be distinguished B{x 39— %y), while if T,
more, in the casé) a certain amount of dynamical enhance-is  the symmetric  (antisymmetri¢  combination
ment is also present. [t,+(—)trl/v2, the contributions from the/t loops are

For each fixed value of the radiative BR, we show howmaximized(minimized and the same happens to the larger
the contours move when varying the mixing angle In  destructive interferences with thWe™/x ™ loops. This is be-
particular, for a giverB(Y9—%J7y), we present four con- cause in the cas@) the two neutralinos are an almost pure
tours corresponding t6,=0, —#/4, w/4, and@/2. This or-  photino and an almost puté,, , which both couple with the
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FIG. 13. As in Fig. 12, but for a typical case of kinematical enhancemerts) line casef,=0,t;=1, is shown; in(b) 6,==/2,T,;=1R.

same strength to left- or right-type standard fermions anaquarks, and in particulds, are much lightetheaviey than

sfermions. _
As a consequence, the contributions from ptiite and

300 GeV, thet/t(W*/x™) loops dominate, the destructive
interferences are negligible, and tB€y 5— Y %y) can com-

t/tg loops are almost equal, while, if the mass eigenstatdortably approach the 100% level. This effect is clearly vis-
considered is an antisymmetric combination, its contributiorible in Fig. 13. The influence of a different top-squark mix-
to the mj\trix element is negligible. When this is the case formg can be extracted by comparing Fig(43and Fig. 18b),

t;, andt, is heavy, the whole top squark sector does notyhere thepure casest,=t, andt,=1tg, respectively, are

contribute and the process is dominatedvidy = loops.
In the case(b), instead, the}%z composition is more

involved, with sizableZ-ino components, which distinguish

betweenf f, andfgfg.

Comparing Fig. 1&) and 12b), one notes that varying

considered.

VII. CONCLUSIONS

In this paper, we showed that SUSY scenarios where the

the top-squark masses can influence the radiative BR mofigdiative mode for the next-to-lightest neutralino decay is

drastically in the case of the kinematical enhancenibht

dominant do exist and can be naturally realized, especially

due to the presence of considerably mixed neutralino stateghen relaxing the electroweak gaugino mass unification as-
which increases the relative importance of the amp“tUde§umptions at the GUT scale. We found that very large

from t/t loops with respect to the ones frowi*/Y™ loops.
For instance, assuminlgp?2~1 TeV, increasingnr1 from
about 100 GeV to about 1 TeV enhan®&§ 3—x Jy) by a
few percent, in the cag@). On the contrary, in the cagb),

B(x3—Xx%v)’s are obtained when tah=1 and/orM ;=M,,
with negativeu. WhenM ;=(5/3) tarf6,M,, it is still pos-
sible to achieve a large radiative BR, providedgari and
©<0. Two different mechanisms, which have different phe-

the same growth of the lightest top-squark mass gives rise tfomenological implications, can be responsible for the radia-

a wide increaséof order 100% of the radiative BR.

Such effect is even more dramatic in the case of Fig. 13
Here, a typical scenario withull kinematical enhancement is

shown, withM ;=178 GeV,M,=250 GeV,u=—-2M5, and

tanB=1.2. The corresponding, nearly degenerate, neutralin
masses argro= 180 GeV andn;gz 185 GeV. Compared to

the cases shown in Fig. 12, in the scenario of Fig. 13 thg gjino production channeg™

relative weight of thaV=/%* andt/t loops in the radiative
decay matrix element is rather different. Indeed, e/ y *
and t/t amplitudes depend omg;=/My)? and (m,/my)?,
respectively(cf. Refs.[16, 6]), and here one ham;lr as

large as 196 GeV. Thus, th& andW=/y* amplitudes turn

tive BR enhancement. The dynamical mechanism may give
rise to signatures including a hard photon and missing energy
at hadron colliders, wherg3 can be copiously produced
either in association with "/ or through the decays of
Reavier sfermions. On the other hand, at LEP2, in a scenario
with B(X 9—X?y) dynamical enhancement, the main neu-
e —x 99 (giving rise to a
v+E signaturé is quite depleted, requiring either gaugino or
Higgsino sizeable components in b and’y2. At larger

c.m. energye’ e colliders[such as the proposed next linear
collider (NLC)], the dynamical enhancement of the radiative
Y5 decay may be relevant when thg is produced in asso-

out to be of the same order of magnitude, with different signciation with a}}? with j>1, giving rise to signatures con-

Then, one expects that fmrTlfvSOO GeV(or possibly more,

if the heavier stop is also rather lighthe two contributions
tend to cancel each other, drastically redudB(g 5—x 57)

taining at least a hard photon and missing energy. On the
other hand, the kinematical enhanceméwhich implies
rather degenerate light neutralinasan give rise to sizable

at the level of a few percent. On the other hand, when the topates for final photons of moderate energy in both hadron and
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