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Low energy supersymmetry with bilinear breakingRoparity leads to a weak-scale seesaw mechanism for
the atmospheric neutrino scale and a radiative mechanism for the solar neutrino scale. The model has striking
implications for collider searches of supersymmetric particles. Assuming that the lightest SUSY patrticle is the
lightest neutralino we demonstrate thHat the neutralino decays inside the detector even for tiny neutrino
masses andii) measurements of the neutrino mixing angles leagredictionsfor the ratios of various
neutralino decay branching ratios implying an independent test of neutrino physics at future colliders, such as
the CERN Large Hadron Collider or a Linear Collider. We study the lightest neutralino decay branching ratio
predictions taking into account present supersymmetric particle mass limits as well as restrictions coming from
neutrino physics, with emphasis on the solar and atmospheric neutrino anomalies.
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I. INTRODUCTION right-handed state Typically the small neutrino masses re-
quired by the interpretation of present neutrino data corre-
The simplest interpretatiofiL] of recent solar and atmo- spond to values o1 in a wide range above $GGeV or so.
spheric neutrino datg2—4] indicates that neutrinos are mas- The parameters can be adjusted in such a way that they
sive and, in contrast with the case of quarks, at least one angkatly explain neutrino experiments but they are far from
possibly two of the lepton mixing angles are large. The pospeing predictive. They mainly “postdict” experimental data
sibility of testing for these angles at high energy collidersang |ead to predictions, if any, which are confined to the
seems very intriguing5-7] especially in view of the new  gomain of “neutrino” experiments, performed at under-
generation of colliders such as the CERN Large Hadron Colgqynq installations, reactors or accelerators and possibly
lider (LHC) and a new high energy linear collider. neutrino factories. They hardly imply any signatures that

One of the simplest ways to induce neutrino masses is iFna be tested at high enerav collider experiments such as the
right-handed neutrinos, singlets under 88(2)® U(1)SM LHé 9 gy coll Xperl .

gauge group exist, as expected in a number of extended elec- An alternative possibility for providing neutrino masses

troweak models and grand unified theor{@&UJTs) [8—10]. S . ; )
In this case there are renormalizable neutrino Dirac masseeg(IStS n whichM is of qrdermz ar_1d thatm s thus F"J!ther
similar to those of the charged fermions and, in addition,sma”‘ It is based on the idea Bfparity violation as origin of

potentially large Majorana mass terms for the right-handed'®Utrino mass and mixin,10,13. These models can have

neutrinos. This leads to a neutrino mass matrix of the formMany implications for gauge and Yukawa unification, low-
energy physic$14—-16 as well as a variety of implications

for future collider experiments at high energigg17,18.
0 m 1 The simplest model in which this is realized is an extension
m M @ of the minimal supersymmetric standard mod®ISSM)
[19] with bilinear R-parity breaking terms in the superpoten-
tial [14,15.

These bilinear terms lead to non-vanishing VEVs for the
sneutrinos which in turn induce a mixing between neutrinos
M M2+ 4m?2 and neutralinog5,13]. This leads to an effective neutrino
2

which has as eigenvalues

F— (2) mass matrix which is projectivgs,20] implying that only
one neutrino receives mass at the tree level. This provides for
a way to account for the atmospheric neutrino problem. For
where m=h"(H) with h* denoting a Dirac-type Yukawa the explanation of the solar neutrino puzzle one has to per-
coupling for neutrinos andH) the vacuum expectation form_ a 1-loop calculation of th_e ngytrmo-neutrahno mass
value (VEV) of the SM Higgs field. It is also assumed that matrix in order to bre_ak the p_rOJectlvr[y qf the mass matrix
right handed neutrinos have a large mass term specified 4,21 The net effect is a hybrid scheme in which the atmo-
M. This so-called seesaw mechanighi] provides a general

recipe to generate neutrino masses. For the simplest case

m/M<1 and just one generation one easily obtains that  For detailed results on diagonalization of seesaw neutrino mass
=—m?M while \,=M+m?M corresponds to a heavy matrices se¢12].

0556-2821/2001/631)/11500416)/$20.00 63115004-1 ©2001 The American Physical Society



W. POROD, M. HIRSCH, J. ROM®, AND J. W. F. VALLE PHYSICAL REVIEW D63 115004

spheric scale is generated by a weak-scale seesaw mechmmenology of the lightest neutralino at future accelerator
nism characterized by a mass scale is of ordet GeV, experiments and in Sec. IV we discuss in detail the relation-
while the solar neutrino scale arises from genuine loop corship between neutrino-physics and neutralino-physics in this
rections[6,21]. model. This includes predictions for neutralino decays before
In the bilinearR, model not only the neutrino masses but SUpersymmetry(SUSY) is discovered and various cross-
also the neutrino mixing angles are predicted in terms of th€hecks after the SUSY spectrum is known. In Sec. V we
three underlyingR, parameterg6,21]. These same param- draw our conc_lusmns_. In Appen@x A we give some formu-
eters also determine the decay properties of the lightest si@S for approximate diagonalization of the generalized Higgs
persymmetric particléLSP) which we assume is the lightest mMatrices.
neutralino. This implies the existence of simple correlations
between neutrino mixing angles and neutralino decay
branching ratios, as already partly obser{@d]. Note how-
ever that so far the literatuf&] has focused mainly on quali- R-parity conservation is arad hoc assumption in the
tative statements based only on a tree-level approximation dISSM andR, may arise either as unification remn4@as]
the neutrino mass and of the neutrino-neutralino couplingsor throughSU(2)®U(1) doublet left sneutrino vacuum ex-

First of all this is not always reliable for extracting informa- pectation valuegVEVS) (7); [13]. Preferably we brealR
tion on the atmospheric angle. In addition, it is totally un- parity spontaneously througtinglet right sneutrindVEVS,
suitable for making any determination of solar neutrino 0S-jther by gauging L-number, in which case there is an addi-
cillation parameters from collider physics. tional Z [26] or within the SU(2)® U(1)scheme, in which
In the present paper we present a quantitative approach {Qse there is a physicahajoron [27]. In order to comply
this problem which takes into account the complete 1-l00Ryith CERN e*e~ collider LEP data orZ width we must
calculation of neutrino-neutralino masses and couplingSassume that the violation d® parity is driven bySU(2)
This is required to make reliable neutrino mass and mixmgzbu(l)singlet sneutrino VEVS[28] since in this case the

angle predictions. Moreover, such complete treatment is NeGhajoron has a suppressed coupling to TheSpontaneous
essary in order to establish reliable correlations between N parity violation may lead to a successful electroweak
trino mixing angles and neutralino decay branching ratiosbaryogenesiﬁzg].

This also includes the solar mixing angle which has not yet ¢ long as the breaking dR parity is spontaneous then

been considered in this context in the literature. We discu36n|y bilinear R, terms arise in the effective theobglow the
the most important correlations between neutrino physic > violation scale. BilineaiR-parity violation may also be

a_nd neutralino physics in detail. In a_ddition_ we give an OVer-assumedhb initio as the fundamental theory. For example, it
view of all restrictions to the branching ratios of the lightest

, ) may be the only violation permitted by higher Abelian flavor
neutralino. Moreover, we have taken into account also LSR

; | ' | Hi hich h symmetries[30]. Moreover, the bilinear model provides a
decays via real and virtual Higgs bosons, which have been sgqqretically self-consistent scheme in the sense that trilinear
far neglected in the literature. Their contribution can be mor

&, implies, by renormalization group effects, that also bilin-
important than the one of th boson if the lightest neu- _P pi1es, by group '

e . S .earR, is present, buhot conversely.
tralino is mainly gaugino-like as preferred by supergravity

: oS X . The simplestR, model (we call it R, MSSM) is charac-
(SUGRA.) scenarios and if .thlrd—generat|on fe”“'or?s Ar€arized by three independent parameters in addition to those
present in the final state. This has some remarkable implic

fions as we are going to demonstrate asfpecifying the minimal MSSM model. Using the conventions
Notice that we have ignored the results of the Liquid of Refs.[19,31] the model is specified by the following su-

o : . erpotential 14]:
Scintillation Neutrino Detector(LSND) experiment[22] Perp [14]
which would point to the existence of four neutrinos in na-

Il. THE MODEL

ture [23] one of which is sterile. Actually it is simple to W=sab[h[j,Aian|:|3+ hi[J')Aibbjﬁg
extend ourR, model in order to include a lighSU(2) o o o
®U(1) singlet superfield24]. The fermion present in this +hLPRFG— wHEHY+ & L2H]] 3

superfield is the sterile neutrino, which combines with one

linear combination ofv,—v,—v, to form a Dirac pair )

whose mass accounts for the LSND anomaly. On the othef/here the couplingsy , hp, andhg are 33 Yukawa ma-

hand the sterile neutrino scalar partner can trigger the spoffices andu ande; are parameters with units of mass. The

taneous violation oR parity, thereby inducing the necessary S€cond bilinear term in Ed3) includesR-Parity and lepton

mass splittings to fit also the solar and atmospheric neutrinUMber violation in three generations.

data. This way the model can explain all neutrino oscillation ‘Similary the soft supersymmetry breaking terms are ob-

data leading to four predictions for the neutrino oscillationt@ined by adding the correspondifgparity breaking bilin-

parameters. However, for simplicity and for definiteness wef@r terms to the supersymmetry breaking Lagrangian of the

will focus here on the simpler scenario with only the stan-MSSM. For the explicit form of these terms we refef d].

dard three light neutrinos. T'he |mport§mt point for the following dlgcu33|on is that be-
The paper is organized as follows: In Sec. Il we presenfs'de the H_|ggs bosons also the sneugrlnos aqw[)e non-zero

the model and discuss approximative formulas for somé&/EVS, which we denote to bep=(Hg), vy=(Hu), v1

R-parity violation couplings. In Sec. lll we discuss the phe-=(v¢), v,=(v,), andvz=(»,). Note that theW boson ac-
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quires a massmi,=g%v?/4, where v?=v3+vi+uvi+v3 9'M,u
+v3=(246 GeVY. Like in the MSSM we define ta b= ——
—0 ] 2 def{ M ,0)
=Uyl/Up. X
A. Neutralino mass matrix o= — My A
1 1
In the following we discuss the tree level structure of 2 detM o)
neutrino masses and mixings as needed for the following 5 )
discussion. A complete discussion of the 1-loop mass matrix . i+(g M1+9"“My)vy A
and the other mass matrices in this model can be found in §ia= " 4 det M o) i
[21]. In the basisy®T=(—i\’,~iN%FY, 2, ve,v,,v,) the *
neutral fermion mass matrid y is given by - (92M1+g/2M2)vDAA ©
Mo m' a 4detM,o0)
M= m 0 4
where
where Ai=pvitope (10
M, 0 — EQ'UD Eg'vu are the “alignment” parameters. From E®) and Eq.(10)
2 2 one can see that=0 in the MSSM limit wheree;=0 and
1 1 v;=0. In leading order irf the mixing matrix\/is given by
0 M, 59vp —50vy
2 2 1
Meml 1 R A
"9 %o O ‘/* m:( o VT) (11
1 1 ’ —¢  1-ze
59'vu —50vy Tm 0
) “(5)  The sub-matricedl andV, diagonalizeM ,o and Mg;:
is the standard MSSM neutralino mass matrix and N*MXoNT=diangio), (12
1 ! T VMgV, =diag 0,0 13
—Eg/vl Egvl 0 €1 Vmeff v Iag ’ mv)v ( )
1 1 where
m=| —59'vy ;0v, 0 & (6)
2 2 , L[ AZ AA, A,
1 M19°+ Mg’ 2
_ g .l 0 Meri=—————— | AGA A AA
_ Zg U3 ng3 53- eff 4de(./\/l)(0) ellu “w “w

AN, AN, AZ
characterizes the breaking Bfparity. The mass matrii (14)

is diagonalized by and

N*MWN™E=diagm,o,m,, ) 7) > 2
b Mig°+Myg'” =

m,=Tr(Me) =—————[A[% (15

where (=1, ...,4) for theneutralinos, and j=1, ... ,3) 4 det M o)

for the neutrinos.

We are interested in the case where the neutrino mad3ue to the projective nature afic, only one neutrino ac-
which is chosen at tree level is small, since it will be deter-guires mas$5]. As a result one can rotate away one of the
mined in order to account for the atmospheric neutrinothree angles in the matri,, i, leading to[32]
anomaly. Under this assumption one can perform a perturba-
tive diagonalization of the neutrino-neutralino mass matrix 1 0 0
[12], by defining[20] V,uee=| O COSfz —sinbys

§=m-/\/l;ol. ®) 0 sinf,; C0SO,3

cosfi3 0 —sinf;
If the elements of this matrix satisf; <1Vij then one can
; : i . X X 0 1 0 , (16)
use it as expansion parameter in order to find an approximate _
solution for the mixing matrix\/. Explicitly we have sinfy3 0  cosf3
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tralino couplings, since this allows some qualitative under-
standing of the correlations we are going to discuss. To
achieve this we make use of the expansions for the neu-
tralino mass matrix and also a corresponding one for the
charginos as given if20].2 For this purpose we will confine
ourselves to the tree-level neutralino-neutrino mass matrix
and we refer to Sec. IV A for a short discussion of the nec-
essary changes once the 1-loop corrections to the mass ma-
trix are included. However, we have used exact numerical
diagonalizations and loop effects in the calculation of all
- (ps) (o) resulting physical quantities presented in Secs. Ill and IV.

N wip) X T vi(p2) One class of decays which is important are those involv-
st S ing a W-boson, either virtual or real. Thgd-W*-I; cou-

i (pa) ; (s) plings are approximatively given by
FIG. 1. Feynman graphs for the decgy— vl 1, . ghilvs [ gupNip+ MoNy,
. . (I:?TZI\.N: 2 Det1L €j
where the mixing angles can be expressed in terms of the M
alignment vectorA as .\ (2,u2+gszuu)leJr(,mLMz)ngN14A
\ 9 24 Det, i
e
tanf3=— ————2, 1 19
13 (Ai-ﬁ-A’Z_)l/z ( 7) ( )
Al 9'Myu M u
A enw_ 9401 9 Mo =
tanf,,= — A—“ (18 Ol 2| 2Deg N11+9< Det, | 2 Det, N1z
2 12 2
As discussed in detail if21] the inclusion of 1-loop correc- _ U_U( 9°M1+9g"" M, 9 Ny
tions to the mass matrix lifts the degeneracy between these 2 2 Dep w Det,

states. Only after including these corrections one obtains a vo(g2M,+g’2M,)
meaningful angle in the 42 sector. Both features are re- D ! 2 Ny,
quired to account for the solar neutrino data. 4 Deg

(20

Here Det and Deg denote the determinant of the MSSM

chargino and neutralino mass matrix, respectivély. are
The set of Feynman diagrams involved in neutralino dethe elements of the mixing matrix which diagonalizes the

cays is indicated in Figs. 1, 2 and 3. Most of the relevantiSSM neutralino mass matrix.

couplings |nvoIveq have been_glver! in Appe_ndlx B of Ref. For the couplingZ—;(‘f-vi we find

[21] and the remaining ones will be included in Appendix B

of the present paper. Even though these are sufficient for our o™ —_o™Z _g

. . : o 0, =0, o, = (21
calculation of neutralino production and decay properties, it Lxirr “Lxgve
is very useful to have approximate formulas for the neu-

B. Approximate formulas for neutralino couplings

9(gM31N1;—g'MoN )

Onnz —
2) N b) ) Lx{v3 4 cosby, Det,
)2(1) Z q x(l) - l q 2 12
P N 9(9°M1+9"“M2)vpNyy A, 22
z° ; S P ; 4 cosb,y, Def, '
d .
? I ) I As already mentioned, the tree level statgsand v, are not
X ! q X(p) q well defined. Therefore one has to consider the complete
i 1-loop mass matrix as it will be done in the numerical part in
w+ S !
¢ o Secs. lll and IV. However, as one cannot detect single neu-
e) f) trino flavors, in experiments one observes the deca}‘fof
. q _ - q — X+ v; summing over all neutrinos; . Therefore, for the
Xl(pl) Vi Xl(pl) q . . . . . nnz |2
- - < - - < Z-mediated decay the interesting quantityXis 1,3|OLX0V_|
g gr 1%
q I

FIG. 2. Generic Feynman graphs for semi-leptonic neutralino ?Note that one has to reverse the sign of thein [20] to be
decays. consistent with our present notation.
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and, in contrast to the individua(lg—lvi decay rates, this
only gets small radiative corrections. o= E;(g SiNaC,C4Cq

For the couplingy$-vi-(S?=h°) we get

€N\, — eMAT+ Se\ .= Sa
pVASHAZ  JAZHAZ

(24)
—€e( A2+ A+ Ag(e, A, EN,)

OM=E~o| sinac,cyCq - _ (e-K) (5-K) )
X3 uNAZ+AZA| ongh= Exo| sin aCZCACGW + i D50¢,CaCo| Al
—Sy(AL+ A+ Ae(S4A,+SsA ) 23 (25)
+ =
VAZ+AZIA| with
§:(52134y36)1 (26)
_ (9'Ny;—9gNypy)
EX(])__ f! (27)
. (9°M1+9'2M,)[ (cosavp+sinavy) (g’ Nig— gNgp) +2u(sinaN;53— cosaNy ) ] 28
X1 8 Det '
|
The quantities; and(_:i are parts of thg mixing mgtrix for ount— — hﬂ|}0|/§| (36)
the neutral scalars, which is discussed in Appendix A. 1
For the couplingsl,;—d;— v; one finds R
Plingsh; ==, ot=3lA] (37
—eo(A2H A+ Ag(e A+ e
ofnt=hp——* ¢A2+j\2|’k| £ (29 with  170=(g?M1+9'"°Mp)up/(2Deb)  and i
M 7 ;
¢ ~=(—392M1+g’2M2),u/(6\/§ Det). For the couplings
ognt— (30)  Ugi-Ui-»; one finds thatOR}*=0O[" and O}f;*=ORir
as above but witio— — V29'?*M,ul (3 Dep).
odnL_ pii €A €, (31) For the couplingé]j—dk—li one finds
Li2='lp B /_2_2A9+AT :
U pkkgu (i T g L) (38)
ORiz = (32 WP e 20 Det,
N R (E,K) ~ i 2y R?l ~ | €
OEP3L=h'5( Gl Al —= (33 b= e | Tl RY, |
wlAl ' 2 Det, V2
Okl =HiglAl (34 TR 1, Svovy
V2 2u?
with G;g=(gle+g’2M2)vU/(4 Det) and H;gz(ngMl -
, . %, 2hkk Ru )
+9 ZMZ)M/(G\/EI(jDeF})). dF(Er the cdo%phngdslfjm—di—vj +g ubu 12(1+ &) b (39)
one finds thatOg}*=O[j- and Of;"=Ogj; as above 2 w | | Dety
but with H;g—>g'2M2,u/(3\/§ Dep). o |
One can obtain the couplings betwdgp|;-v; by replac- For the couplingsl; —u,—1; one finds
ing hp— he andH}2—>(gZM1+g’2M2),u/(2\/§ Det) in the N b)
above equations. For the caseTQf-Ii-v]- one finds the cou- o vy _ N v _
plings by replacinghp— he andHzo—g'*M oul (V2 Dety). X " AXL—J\/* K
~ 0. p0
For the couplings j—u;—»; one finds 2 e Sni Fn "
OunL: unL_ ~unlL__ U“'—:O (35 . Lo .
Li1 Ril Li2 Ri2 FIG. 3. Generic Feynman graphs for invisible neutralino decays.
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i 2Det | ck 2 p | Det,
(40 i
2pd 2pkk  d
~ ~ € R: hgvyRS | A .
C(Fj{kl:thkR?z—l'f‘ g Jl+g D YUmj2 i ' (41) 102
i M J2 21 Det,
10
In Egs.(38)—(41) we have assumed that there is no genera- )
tion mixing between the squarks implying that 1,2. 0t i
Data from reactor experimenft83] indicate that the mix- T ; T 250
ing elementU.; must be small1]. This implies that A | LAY (/) [GeV] mgg [GeV]

<|A,4. In the limit A;,/A, 3—0 some of the above formu-
las simplify to

FIG. 4. (@ AmZ,,, and (b) neutralino decay length.

C,C4Cq SiNe e
OTRTI—E};’ 2C4Cg SN e+82) (42) 095012 sinf,, O
s V,j0p=| SiNf1a €OSO1, 0| xV (49
e A, —e, A, Seh,—S4A, 0 o 1
oqnh= E;(o(sinaczc4cﬁ MA L ° MA 4 )
! A A with nearly unchanged,; and 6,3. In contrast, if this sign
(43 condition is not fulfilled thef;3 and 6,53 angles get large
corrections. One sees therefore that if the sign condition is
OMh_ o o €N T EN SN, FSEA satisfied the atmospheric and solar neutrino features de-
131~ EX0| SINaC2C4Cq JAZEAZ | JAZEAZ couple: the atmospheric is mainly tree-level physics, while
HNA2T A3 273 the solar neutrino anomaly is accounted for by genuine loop
. 2. 2 physics in a simple factorizable way. Thus the sign condition
D39C2C4Ce VAZTAS @9 s helpful to get a better control on the parameters for the
. solar neutrino problem.
D€e
Of, = Oty =~ —— (45)
n lll. NEUTRALINO PRODUCTION AND DECAYS
h”(e A—eA,) In this section we will discuss the production and the
o, =ORIR= D u |;x | Tk (46)  decay modes of the lightest neutraligd. In order to reduce
BB the numbers of parameters we have performed the calcula-
A A tions in the framework of a minimal SUGRA version of
€ +e€ il i
dnL _ ~dnR _ i | ~e [x2 o a2 cwiteTErr bilinearly R, SUSY model. Unless noted otherwise the pa-
OLin_ORiV3_hD GX? At AL (47 rameters have been varied in the following randds: and

pAZ+AZ)

Later on we will also use the so-called sign-condit[@i],
defined by

|u| from 0 to 1 TeV,my [0.2 TeV, 1.0 Te\l, Ay/my and
Bo/mo [—3,3] and tang [2.5,10, and for theR,, parameters,

a(ete” = x3IX7) [fb]

€Ny

— <0.
eTATO

(48)

Its origin can be traced back to the above E@R)—(47).
Assuming e,~¢, as indicated by unification andA |
=|A,| as required by the atmospheric neutrino problem one
sees easily from the above equations that eithet thart of

the couplings to the second or the third neutrino state is very
small depending on the relative sign betwetepandA ;. If
A,=—A, one can show, after a lengthy calculatif3¥],

that the resulting effective neutrino mixing matrix is given

by

vy

50 75 100 125 150 175 200
mye [GeV]

FIG. 5. Production cross section for the proceste’e”

*The A parts lead only to a renormalization of the heaviest neu-— X1x1) &s a function ofnso at a Linear Collider with 1 TeV c.m.s
trino state whereas the part gives mass to the lighter neutrinos. energy. ISR corrections are included.
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Br(%0 — Yij k vikith) plies that between o 1 neutralino pairs can be directly
produced per year. Because of the smallness oRtparity
violating couplings, most of the SUSY particles will decay
according to the MSSM scheme implying that there will be
many more neutralinos to study, namely from direct produc-
tion as well as resulting from cascade decays of heavier
SUSY particles. From this point of view the measurement of
branching ratios as small as 10should be feasible. As we
will see in what follows this might be required in order to
establish some of the correlations between neutrino mixing
angles and the resulting neutralino decay observables, which

10-5 L L . L is a characteristic feature of this class of models.
50 100 150 200 In this model the neutralino can decay in the following
mgo [GeV] ways:
neuFtlrﬁ].OSGI. Invisible neutralino branching ratio summing over all X2—> —— (50
|ALINAZ+AZ=0.4-2, €,/e,=0.8-1.25, |A /A —viaq (51)
=0.025-2, €./€,=0.015-2, and |A|=0.05-0.2 Ge\’.
They were subsequently tested for consistency with the mini- — vl J.+| K (52
mization (tadpole conditions of the Higgs potential as well
as for phenomenological constraints from supersymmetric . =
particle searches. Moreover, they were checked to provide a —liaq (53
solution to both solar and atmospheric neutrino problems.
For the case of the solar neutrino anomaly we have accepted — ;. (54

points which give either one of the large mixing angle solu-
tions or the small mixing angle Mikheyev-Smirnov- |n the following we will discuss these possibilities in detail

Wolfenstein(MSW) solution. ~0 . : L

We have seen in Eq15) that the atmospheric scale is %gspt)“_) viy because its branching ratio is always below
proportional | A|?/Det(m;°). As has been shown if6,21] In the following discussion we have always computed the
this statement rema}ins Yalid after inclusion of 1-loop correcomplete three-body decay widths even in cases wirgre
tions provided th_ate|2/|A| <1 implying that 1-loop correc- a5 heen larger than one of the exchanged particle maéses, so
tions t_o the heaviest neutrino mass remain small. As we havg, 4t two-body channels are open. This has turned out to be
seen in Sec. I1B, most of the couplings are proportional t0ecessary because there are parameter combinations where
| A|/VDet(m;®) and/ore; /. Although|A|/(VMyu) has to  the couplings to the lightest exchanged particle @(&.0)
be small in order to account for the atmospheric mass scalémaller than the coupling to one of the heavier particles,
[see Fig. 4a)] the previously discussed couplings are stillimplying that the graph containing the heavy particle cannot
large enough so that the neutralino decays inside the detepe neglected with respect to the lighter particle contribution.
tor, as can be seen in Fig(bj. . An example is the case @boson ands)-mediated gaugino-

In Fig. 5 we show the cross sectiar(e*e”—x7x3) in like neutralino decays discussed later on. Hefelenotes the
fb for \s=1 TeV. Assuming now that an integrated lumi- lightest neutral scalar. In addition we want to be sure not to
nosity of 1000 fo! per year can be achieved at a future miss possibly important interference effects as there are sev-
linear collider (see[35,36 and references thereiithis im-  eral graphs which contribute to a given process. A typical

a) Br(x§ — bb Y, 1) b) Br(x{ — Zq=u,d,s 933 ¥) ) Br(x3 — 23, mi)
1 1 1

10 107 fooa

! 5.{'.:,_- 107

1072 10°2 § 102 RN . N
4 FIG. 7. Neutralino branching ratios for the de-
1031 103 ¥ 10°° ‘.A, e cays intoqqv; final states summing over all neu-
Box trinos.
107 104 1074
10'5 bt ! 1 I 10’5 by ! : I 10“5 b 1 I 1
50 100 150 200 50 100 150 200 50 100 150 200
mye [GeV] mgo [GeV] mye [GeV]
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a) Br(x} — e* 3 4¢) b) Br(x} — 4* 144 ¢) Br(x} — 7* 3¢

FIG. 8. Neutralino branching ratios for the de-

cays intol “q’q final states summing over ajf q
combinations.

50 100 150 200 50 100 150 200
mye [GeV] myg [GeV]

example is the procesg— Vi|j—|k+ where 26 contributions Space geveral events with same sign_di—leptpns and four jets.

exist, as can be seen from the generic diagrams shown in Fi% In Fig. 9 the fully leptonic branching ratios are shown.

1. ne can clearly see a difference between the branching ratios
The first important question to be answered is how largdnto channels containing different charged leptons of the

the invisible neutralino decay modes to neutrinos can beSame flavor, i.e.7” 7" versusu™u ™ ande”e™. This differ-

This is important to ensure that sufficient many neutralincence is due to the importance of t§ state which corre-

decays can be observed. As can be seen from Fig. 6 tfgponds mainly to the lightest Higgs bosbhof the MSSM.

invisible branching ratio never exceeds 10%. The main reawe have found that for gaugino-likg) the R, couplings

son for this t_)ehawor can t_)e found in th(_a fact_ that for thes(l)_;((l)_ v; are in general larger than the correspondig

SUGRA motivated scenario under consideration the cou- "~ . . . .

plings of the lightest neutralino to th& boson are sup- X1~ Yi couplings. This can be understood by inspecting

pressed. This and the comparison with other couplings wilfhe formulas given n Eq:{21)—_(25) in Sec. 1B, in particu-

be discussed in some detail later on. The mainly “visible” ‘& the parts _proeortlonal_ tex 'n,,E9'£23)_,(251)' Otherfre+a-

nature of the lightest neutralino decay, together with the°nS for having “non-universal’ 7", u~n", ande"e

short neutralino decay path discussed above, suggests tH@UPIiNgs are the graphs containigor charged sleptons as

observability of neutralino-decay-induced events at collide€Xchanged particlésee Fig. 1 From Eq.(19) one can see

. ) ) T
experiments and this should stimulate dedicated detectdf@t the couplingOgiy" is proportional tohg implying that

studies. they only play a role if ar is present in the final state.
In Fig. 7 we show the branching ratios for the decays into Notice also that the largeness of the branching ratios for
qavi_ Here we single out thé-quark [Fig. 7(@] and the neutralino decays into lepton-flavor-violating channels can

c-quark[Fig. 7(c)] because in these cases flavor detection iéje fl_rtr;ptl_y understootd_ frg“ B{we importance WF and Sy
possible. One can clearly see that Ifﬂ;gs 1.1my, the decay contributions present in Fig. L.

into bHyi can be the dominant one. The reason is that the

scalar contributions stemming fro8], P, and/orby can be
rather large. This can be understood with the help of Egs. IV. PROBING NEUTRINO lngll;G VIA NEUTRALING
(29)—(34) where terms proportional tbpe€; /. appear. This DECAY

kind of terms is absent in the corresponding couplings for the | this section we will demonstrate that neutralino decay
u-type squarks implying that the branching ratio éarv; is ~ branching ratios are strongly correlated with neutrino mixing
rather small as can be seen in Figc)7 One can see in Fig. angles. We will consider two casgd) The situation before
7(b) and Fig. Tc) a pronounced “hole” around 80—-100 supersymmetry is discovered. In this case we demonstrate
GeV. It occurs because fon;(rlJ> my the W becomes on- that neutrino physics implies predictions for neutralino de-
shell implying a reduction for these decays. This is compentays which will be tes:ted at future collidefg) The situation
sated as th& becomes on-shell. when the spectrum is known to the 1% level or better as
The semi-leptonic branching ratios into charged lepton&©uld, for example, be achieved at a future linear collider
are shown in Fig. 8. The decays intoand  are particularly [35,37. In this case our_model al_lows for several consistency
important because, as we will see in Sec. IV, they will give aCh€Cks between neutrino physigsrobed by underground

measure of the atmospheric neutrino angle. Note that the¥d reactor experiments3,2,33) and neutralino physics.
branching ratios are larger than TDand in most cases Moreover, some neutralino decay observables are sensitive

larger than 103, implying that there should be sufficient to which of the possible solutions to the solar neutrino prob-
statistics for investigations. In case of tlkefinal state it

might happen that one can only give an upper bound on this

branching ratio. This is just a result of the reactor neutrino “The charged scalars are a mixture of the charged Higgs bosons
bound [33]. Note that due to the Majorana nature of theand the charged sleptons, and in particular the latter are the impor-
neutralino one expects in large regions of the parametesant ones.
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a) Br(x} — e”et 3, vi) b) Br(x§ — e*u¥ 3, 11) ¢) Br(x§ - e* 77 32, )
1 1 1

10! |

1072 bhsd

1073 R 5o

107}
10'5 ) 1 I 1 10-5 bl 1 ! I} 10'5 b L ! )
50 100 150 200 50 100 150 200 50 100 150 200 ) ) ]
my [GeV] myo [GeV] mge [GeV] FIG. 9. Neutralino branching ratios for the de-
0 o 4 0 cays into various lepton final states summing
R I L b N b — 17t ) over all neutrinos.
. y e
102 rafbl i 107 107 ¢
107 10° 1070
10} 10 10
10'5 bl 1 1 ) 10‘5 b i L L 10_5 kL 1 1 L
50 100 150 200 50 100 150 200 50 100 150 200
mge [GeV] mye [GeV] mys [GeV]

lem is the one realized, i.e. they can discriminate large anglesonstructive interference between gaugino and Higgsino

solutions from the small angle MSW solution. loops takes place. We have checked that the same is true for
the other couplings involving either the charged leptons
and/orvs.
A. Before SUSY is discovered As can be seen from the discussion in Sec. IIB the ap-

] ] o o proximate formulas depend on the SUSY parameters, in par-

Let us first consider the situation before SUSY is discov-ticylar on the parameters of the MSSM chargino-neutralino

ered. Before working out the predictions for neutralino de-gector, However, one can see that the ratios of neutralino

cays we would like to point out a fact concerning the 1-looppartial decay widths or of its branching ratios is rather insen-

corrected neutrino-neutralino mass matrix. It has been naositive to the MSSM parameters. As has been pointed out in
ticed in[21] that the sign of thew parameter determines to [21] the atmospheric angle depends on the ratid gf A ,.

some extent how large the absolute radiative corrections argyjs ratio (at tree level can be obtained by taking the ratio
(see Fig. 5 off21]).° The reason is that depending on this

sign the interference between the 1-loop graphs containing

gauginos and the 1-loop graphs containing Higgsinos is con- OF it approa./ OL5
structive or destructive. 5
This fact has of course implications on whether the ap-

proximate couplings presented in Sec. Il B remain valid after 4
the 1-loop corrections are taken into accoliAt.typical ex-
ample is shown in Fig. 10 where the approximated coupling 3

L31approx divided by the couplingdy3y’ as a function of
Or57. One clearly sees that far<O0 the tree-level result7] 5
is a good approximation to within 20%, but far>0 it can
be off by a factor up to 5 in some extreme cases where a .

-4 -2 0 2 4

SThe important information is the relative sign betwgemnd the 10’ oz
gaugino mass parameteks; ,. Since in[21] as well as here we
assume thaM ,>0 then the absolute sign @f becomes relevant. FIG. 10. Approximated couplin®{ 31, ,prox Using formula Eq.

80f course the couplings involving; and/orv, are exceptional  (20) divided by the exact calculated coupling as a function of the
ones, as the angle between these states is only meaningful afteract calculated coupling. The briglitdark) points are for u
performing 1-loop corrections are included. >(<)0.

115004-9



W. POROD, M. HIRSCH, J. ROM®, AND J. W. F. VALLE PHYSICAL REVIEW D63 115004

a) Br(uqq')/Br(rqq’) b) Br(uqq')/Br(raq) a) Br(u~p* 3, 1) /Br(rqq) b) Br(u~pt 3, v4)/Br(rqq’)
10 F 10F 10 10
3 3 " b
2
1L 1 e 1 1k
E. P )_fqﬁ F
o -
1071 e 107! it 107! 1071 |
10-2 r . . \ 102 L : . ) 1072 N . - -2 | ' e
51072107" 05 1 5102 107! 05 1 51072107" 05 1 5107210"" 05 1
tan?(Oatm) tan?(Gatm) tan?(Oasm) tan(Oatm)

FIG. 11. Testing the atmospheric angle. In case of the dark FIG. 13. Testing the atmospheric angle. In case of the dark
(bright) points #<<(>)0. In the second figure we have taken only (bright) points < (>)0. In the second figure we have taken only
those points with{sin 26;>0.1. those points withsin 26;|>0.1.

O[21/0(3; . This leads immediately to the idea that the Br(y?— r*qq’). The (nearly maximal mixing of atmo-
semi-leptonic branching ratios inta*qq’ and 7°qq’ spheric neutrinos implies that several other ratios of branch-
should be related to the atmospheric angle. This is clearlyng ratios are also fixed to within one order of magnitude; see
demonstrated in Fig. 11 where we show the ratio of the corTable | and Fig. 17.
responding branching ratios as a function oftah,). One In this model the so-called CHOOZ angle is given by
sees that present data imply that this ratio shoul®bk). In ~ |Ac/A,| [21] where we already have used the fact that the
particular, the relative yield of muons and taus will specify atmospheric data implies\ ,|=|A,|. The same discussion
whether or not the solution to the atmospheric neutrincas in the previous paragraph is valid. This leads automati-
anomaly occurs for parameter choices in the “normal” rangecally to the correlation between g}?ﬁeiqq/)/gr(”)‘(g
or in the “dark side,” i.e., taf(fam) <1 or tarf(fam)>1 . 7*qq’) and UZ, which is shown in Fig. 14. FouZ,
[38]. . ) <0.01 the correlation is less stringent because it implies that
~ The observed width of the band simply expresses the réne tree level couplings have to be rather small and therefore
sidual SUSY parameter dependence, which comes partlyop corrections are more important. Note that existing reac-
from the 1-loop calculated mass matrix and partly from the;,, data[33] give the constraint Oth23SO.05 at 90% C.L.
different contributions to these decays. If for some reéasony| This in turn implies an upper bognd 6f0.2 on this ratio
|sin 26;/>0.1 the dependence on the parameters in the 1-loops branching ratios.
calculation is co_nsiderably. reduced because the sbottc_)m— The discussion of the solar angle is more involved. As
bottom loop dominates. This leads to a stronger correlationstrated in Fig. 15 this angle is strongly correlated with
as seen in Fig. 1b). The fact that forn.>0 the band is €e/ €, ratio. In order to get information on the from neu-

wider is a consequence of the discussion in the previougajing decays one must take into account that, as already
paragraph. _ . __mentioned, the solar angle acquires a meaning only once the

In Fig. 12 and Fig. 13 we show two additional ratios complete 1-loop corrections to the mass matrix have been
which exhibit also a correlation with t6,,:Br(x]  included. For an easier understanding we focus on leptonic

—e u"Z)/Br(x{—r"qq’) and Brl—u u"Ziv)/  decays of the typai— "1} vy with i# which depend on

a) Br(e*uT 3, v;)/Br(raq’) b) Br(e*uT ¥, vi)/Br(rqq) a)Br(eqq’)/Br(qu’) b)Br(eqq’)/Br(qu')
10 10 E

107! .

107" [

1071 [

1072 L%
&
10—2 e L L L -2 [ L s L 1043 Lo Lo
51072107 05 1 51072107" 05 1 1073 1072 107"
tan?(faim) tan®(fatm) U 17£3

FIG. 12. Testing the atmospheric angle. In case of the dark FIG. 14. Testing the CHOOZ angle. In case of the déright)
(bright) points ©<(>)0. In the second figure we have taken only points u<<(>)0. In (b) we have taken only those points with
those points with{sin 26;>0.1. |sin 26;>0.1.
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tan? G,y TABLE |. Ratio of branching ratios as required by the consis-
1L tency of the model. In BqEZivi) we have summed over, d, and
2 s. Also in case ofy; we have summed over all neutrinos.
107! Ratio lower bound upper bound
10-2 Br(qqv;)/Br(ccy;) 2.5 6
Br(qqw;)/Br(x"qq’) 0.1 3.5
107 Br(qav)/Br(r"qq’) 01 35
ot Br(qEvi)/Br(e*e’vi) 5 35
5102 1070 051 Br(qqv)/Br(e” " v) 0.3 9.5
Br(aqy;)/Br(u" p” v;) 0.3 9
FIG. 15. The solar mixing angle as a functionef/e,, . Br(x"qq')/Br(raq’) 0.5 3
Br(u=qq')/Br(u"u” v) 1 5
thex3-W-1; ; andW-1; ;-», couplings. The way a correlation Br(7-aq’)/Br(u"u"») 0.5 6.5
appears is non-trivial. To understand it note that the couBr(e”s™v))/Br(u"u™ ») 0.4 1.6

plings W-I;-v; depend on the neutrino mixing, since one
must use thenass eigenstatesr the calculation of the par- - sepyables which are able to dis- criminate between large and
tial decay widths and not the electroweak eigenstates. In adma|l angle solution of the solar neutrino problem. In Fig. 17
dition the ¢; enter via thevj—Ski—Ii andx‘f—sf—li couplings. we show how several ratios of neutralino decay branching
Remarkably, despite the non-trivial way tlee parameters ratios can be used to discriminate between large and small
enter here, one still has some residual correlation wjth angle solu- tion of the solar neutrino problem. The numbers
ratios, as displayed in Fig. 16. This figure shows that, alin Fig. 17 correspond to the following branching ratios:
though one does not get a strong correlation in this case, or(d) Br(qqv;)/Br(e” 7" v;), (2) Br(bby))/Br(u™ 7 v;),
can still derive lower and upper bounds depending on3) Br(bby,)/Br(7" " v;), (4)Br(e*qq’)/Br(n=qq’),
tarf(6s,) . For the favoreolcas{d] of the If;lrge mixing angle (5)Br(e*qq’)/Br(v*qq’), (6) Br(e*qq’)/Br(e* u* v;),
solut.ion one finds that Bp((geewi)/Br(X‘fﬁMr'vi) is de- (7) BI’(,uiqa’)/Br(et,uivi), ®) Br(,uiqa’)/Br(ei V),
termined .t(.) be one to within an ordgr of.magn!tude. For the(g) Br(r*qq’)/Br(e*n" ), (10) Br(r*qq')/ Br(e*r" v;),
general bilineaiR, model the spread in Fig. 16 is due to the (11) Br(e® u” v))/Br(e= 7 1,), (12) Br(e* 7" )/
lack of knowledge of SUSY parameters. As will be shown in Br(wt ) and 3 Br(u=7 »)/Br(r" v »). In
the next subsection, a much stronger correlation appea — . ' '
once the SUSY parameters get determined.

In Table | we list upper and lower bounds on several
ratios of branching ratios which are required by the consis-

tency of the model. The values in the table are hardly depen- _ ] ] o

The values in Table | can be viewed as important ConSiSWhiCh can be established between neutralino decay branch-
tency checks of our model. However, one can also have odld ratios and neutrino mixing angles before the first SUSY

@r(quivi) we have summed over, d, ands. Also for the
case ofy; we have summed over all neutrinos.

B. After the SUSY spectrum is measured

10° . .
a)Br(eﬂ/t)/Br(,urul) b>Br(eTV1)/BY(uTVi) 102 = .
10¢ a4 10¢ 10 | ) . =
E . . i 3 B i ] 1
L= l< lé g l" / r .
1k 1 5 N
3 107" | E
-1 -1 | 10_2 2 g ! q B
10 107 ¢ 10 E
2 2 1074 5 .
10 10 ; 10—5 - ]
1078 Lo i i 1073 Lt i i 1 2 3 4 5 6 7 8 9 10 11 12 13
107 107° 102 10" 1 1074 107° 102 107" 1
tan®(f,01) tan’(fsct) FIG. 17. Predicted ranges for the ratios of various branching

ratios. The dark stripes are the ranges if one of the large mixing
FIG. 16. Testing the solar angle. In case of the ddmight) solutions[LMA, low probability, low mass(LOW) or just-sqg is
points u<(>)0. In (a) we have takere, A ,/(e,A;) >0, and in  realized in nature; the bright stripes are if SMA is realized in nature.
(b) e, A, 1(e,A)<O0. The various ratios are given in the text.
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a) Br(u*qq)/Br(7%4q) b) Br(e®u® 32, 1,)/Br(r*q7) <) Br(utp 3;14)/Br(7%4q)
5F 5F
1t
: 05 il FIG. 18. Correlations between &y, and
ratios of branching ratio for the parameter point
05} 05} specified in the text assuming that>I@eutralino
01t decays have been measured. The bands corre-
spond to a le error.
0.05¢
0.1t 01t
o1 05 1 5 0001 051 5 01 05 1
tan? 0,m tan? f,im tan? fuum

particle is discovered. Let us assume now that the entirangle MSW solution, even though the dependence on
spectrum has been measured with some precision, e.g. attat 6., becomes, unfortunately, rather weak, the ratio of
future Linear Collide[35,37). As a typical example we dis- branching ratios for B&~7*=;v;)/Br(u=7"3v;) is pre-
cuss the poinM,=120 GeV,u=500 GeV, tanB=5, set- dicted with good accuracy for any tah,<0.1.
ting all scalar mass parameters to 500 GeV, and als®the
parameter is assumed to be equal for all sfermidns
—500 GeV. Note that we have taken positive to be con- V. CONCLUSIONS
servative, as this corresponds to a “worst-case” scenario. ) ) ) _
There are at least two parameters which need to be measured Supersymmetry with brokeR parity provides a predic-
precisely: tang and|sin 24| because the 1-loop mass matrix tive hierarchical pattern for neutrino masses and mixings de-
is dominated by the shottom-bottom loop if at least one oftermined in terms of just three independent parameters, as-
these parameters is large. sumingCP to be conserved in the lepton sector. This can
In Figs. 18—20 the same relationships as discussed abow®Ive the solar and atmospheric neutrino anomalies in a way
are displayed assuming that the particle spectrum and tH&at allows leptonic mixing angles to be probed at high en-
corresponding mixing angles are known to the 1% level orgy colliders, providing an independent determination of
better. In addition we have assumed that h@utralino de- ~Neutrino mixing. Taking into account data from atmospheric
cays have been identified and measured. Taking at the méeutrino experiments we have derived specific predictions
ment only the statistical error this translates to a relative errofor neutralino decays, illustrated in Fig. 11, Fig. 12, and Fig.
on the branching ratio BX) of the form 1A/10PBr(X). It is 13. Probing the solar angle is more involved due to the in-

clear from these figures that there exist excellent correlation§insic spread in SUSY parameters; see Fig. 16. However, we
between the ratio of various branchings andtag, as well have demonstrated that, with about®Ifeutralino decays,

as the parametewé probed in reactor experiments. For the and a determination of the spectrum of the thepry to within
solar angle we observe a strong dependence Goggrfor 1% or better, there are very stringent correlations between
the case of large mixing angle solutioisMA, LOW or solar neutrino physics and neutralino-physisse Fig. 20

vacuun of the solar neutrino problem. For the small mixing We showed that several_ ratios of neutralino decay branching
ratios can be used to discriminate between large and small

Br(e*qq)/Br(r*qq') Br(e*7¥ 35 v3) /Br(p=rF ¥, 1)
107 E 25
10 ¢ 2
1
1.5
0.1
102 1
10°® 05
T B e o3 : .
-4 -3 -2 0.1 1 FYPT BT R AR TIT EETIT R RTR T B
10 103 10 2 104103 102 04 110
UeS tan20501
FIG. 19. Correlation betweenUZ, and the ratio FIG. 20. Correlation between taf, and the ratio

Br(e®qq’)/Br(7-qq’) for the parameter point specified in the text Br(e® 7~ 3;v;)/Br(n” 7" =;v;) for the parameter point specified in
assuming that foneutralino decays have been measured. The banthe text assuming that $eutralino decays have been measured.
corresponds to a b= error. The band corresponds to ad error.
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angle solutions of the solar neutrino problem. Therefore, the lei|<| ] (A3)
hypothesis that bilineaR-parity violation is the origin of

neutrino mass and mixing can be easily ruled out or coN- 2|cosa(B; €, — gzvyv;) + Sina(g,vpvi— me)|

firmed at future collider experiments. This statement is actu-
ally more general, to the extent that the bilinear model is an
“effective theory of a model wherR parity is violated spon-
taneously.

<|cosaqAM, 4+ gz(vy COSa—vp Sina)?
+ Bou(cotB cosa—tanB sina)?
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SiIPaAM 4+ 9z(vy Sina+vp cosa)?

+ Bou(cotB sina+tanB cosa)?

€
APPENDIX A: APPROXIMATE DIAGONALIZATION — - (vou—Bivy) (AS)
OF SCALAR MASS MATRIX !
— 2 12
Let us assume that the following simplifying conditions Where 9z=(9°+9")/4, AM ag
hold: 9 Smpliying =3g”m;/(16°mg, si’Bsir’d)  with  sifo=(v{+v3)/(v}
+vd+vi+v3+v3) and « is the mixing angle that diagonal-
|€i€|<|Bye] (A1)  izes the upper left 2 2 sub-matrix which corresponds to the
usual Higgs boson mass matrix in the MSSM limit. Under
lvil<vp vy (A2)  these approximations the mixing matrix reads
02C4C6 Sina CzC4C6 COSsa SZ S4 S6
C1C3C5 COS« - C1C3C5 Sin o Sl 53 55
RS = —S;C0Sa—S,Sinae S;Sinae—s,cosa c1€, O 0 (AB)

—S3C0Sa—S,Sinae SgSina—s;cosae 0 cey O

—S5C0Sa—SgSina  SgSina—sgcosa 0 0 csCq
with

cosa(Bie;—gzvyv;) +Sina(gzvpv; — e
Syi= ( i€—0zUy |) (gZ DU — M |) (A?)

.
coSaAM,, 4+ 9z(vy COSa—vp Sina)?+ Bou(cotB cosa—tanB sina)?— U—'(vD,u— Bivy)
i

—sina(B;e— i)+cos — weE
Soi_1= a(Bj€—gzvyv)) a(QzUpvi— ME) 8)

.
SIPaAM 44+ 9z(vy Sina+vp cosa)?+ Bou(cot B sina+tanB cosa)?— v—'_(vD,u— Bivy)
|

wherei=1,2,3 andc;=1—s?/2. For the case wheres(/v;)(vpu—Bjvy) are equal for alli, the €j€; part in the mixing
between the sneutrinos becomes important. Therefore
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RS=RRS (A9)
0 0 0
0 0 0
00 — 0 e
vV Ei'f’ eg Y ei-i- e%
R= . (A10)
0 0 0 S e
\/e§+ eg \/e%—i- eg
0 o € €, €,
|l €] €]

On the other hand ifd./v1)(vpu—Bivy) =(€,/v)(vpu
—Bovy) # (€, /v3)(vppu—Bsvy) and  |e€|<[(e,/
v2) (vpu—Bovy) — (€, /v3) (vpu—Bavy)| one has

1 0 0 0 0
0 1 0 0 0
00 _26# 2 0 ;e 2
Ré= Ve T €5 Vet €5
— €e — €L
0 O 0
Vei+es Veite
0 O 0 0 1
1 0 0 0 0
0 1 0 0 0
X 0 0 Cs 0 Sy (All)
0 O 0 Cg Sg
0 0 —s; —sg CcsCg
€€,
5= (A12)

€e €
—(vpu—Bivy) ——(vpu—Bsvy)
U1 U3

PHYSICAL REVIEW D63 115004

€,€;
Se= . (A13)

€e €,
—(vpu—Bivy) ——(vpu—Bguy)
U1 U3

SZ
Cra=1- 5 (A14)

We have checked, that the eigenvalues obtained with
these mixing matrices agree with those obtainedl3@] in
lowest order of theR-parity breaking parameters.

APPENDIX B: COUPLINGS

Most of the couplings necessary for the calculation of the
neutralino decays have already been givef2ij where also
the definition of the mixing matrices are given. The remain-
ing couplings involveS, -u;-d; and g;-q;-1;” . Neglecting
the generation mixing among sfermions the corresponding
Lagrangian is given by

L=dju(Cly PL+Chig PRI +Ujdi(Cli P+ Ciia PRI

+Scdi(ag iPLtbg PRIt H.cC. (B1)
with

as i= thEli (B2)

bs-i=(h})* (R)* (83)

Cﬁkli: h{ (RS * Vi (B4)

Chi = —9(R{)*Uj1 + (h§)* (R,)* Ui, (B5)
U= h&(RY ) * U B6
Lkl D( ]1) i2 ( )

Chig, =~ 9(RYD*Vig+ (h{)* (RI)* Vi, (BT)
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