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Charged lepton flavor violation in supersymmetry with bilinear R-parity violation
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The simplest unified extension of the minimal supersymmetric standard model with biRspeaity viola-
tion naturally predicts a hierarchical neutrino mass spectrum, suitable to explain atmospheric and solar neutrino
fluxes. We study whether the individual violation of the lepton numigrs . in the charged sector can lead
to measurable rates for BR(—evy) and BRF— uy). We find that some of th&-parity violating terms that
are compatible with the observed atmospheric neutrino oscillations could lead to rates -y measurable
in projected experiments. However, tmanf2 obtained for those parameters is too high to be compatible with
the solar neutrino data, excluding therefore the possibility of having measurable rgtes oy in the model.
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[. INTRODUCTION experimentg7,8]. The waiving of theR-parity symmetry in
the MSSM provides an alternative scenario to explain the
In the standard modelSM), lepton number is exactly generation of small neutrino masses. In this casdRtparity
preserved in contradiction with the observed neutrino oscilviolating operators can be constrained by rare processes
lations[1,2]. Several extensions of the SM include patterns[9—12].
of neutrino masses and mixings which can provide a satis- The simplest extension of the MSSM with bilinear
factory explanation for these flavor oscillations. The conseR-parity violation (BRPV) [13,14 (allowing B-conserving
quences of the individual violation of the lepton numbersbut L-violating interactionscan explain neutrino masses and
Le,,... for charged leptons will be manifest in processes suctmixings which can account for the observed neutrino oscil-
as u—ey, mu—3e, u-e conversion in heavy nucleir lations [15]. The BRPV model has been extensively dis-
—uy andK_ — ue [3]. The experimental upper bound for cussed in the literaturfel6]. It is motivated by the fact that it
these processes is quite restrictive, which imposes a signifprovides an effective truncation of models whéeparity
cant constraint for the explanation of flavor in models be-breaksspontaneouslyy singlet sneutrino vacuum expecta-
yond the SM. However, the mechanisms used to explain th#on values(VEV’s) around the weak scalé7]. Moreover, it
origin of the tiny neutrino masses required to explain sola@llows for the radiative breaking d® parity, opening also
and atmospheric neutrino oscillations typically imply thatnew ways to unify gauge and Yukawa couplings] and
these processes may occur at small rates, motivating an imnvith a potentially slightly lower prediction foeg [19]. For
creasing experimental interest in exploring further chargedecent papers on phenomenological implications of these
lepton flavor violating processes. models see Ref$20,21]. As the parameters involved in the
The rates for charged lepton flavor violatiobFV) are  R-parity violating operator are constrained in order to predict
extremely small in the SM with right-handed neutrinos neutrino masses in the sub-eV range, we address in this pa-
(<Am*My, [4]). In R-parity conserving supersymmetric per the question of whether this operator will induce rates for
(SUSY) models, such as the minimal supersymmetric stancharged LFV processes of experimental interest. Some of
dard model(MSSM), the presence of LFV processes is as-them occur at tree level such as douplelecay[12,22 and
sociated with vertices involving leptons and their superpart#-€ conversion in nucle[23]. One loop LFV decays al
ners[5]. These processes are sensitive to the scalar massliy become interesting in this framework due to the ex-
matrices structure, a nondiagonality of the latter in a basis iperimental interest in improving the current limf4]:
which fermions are diagonal leads to a hard violation of fla-

vor. The structure of the scalar mass matrices is very sensi- BR(u—ey)<1.2x10" %,
tive to the SUSY breaking; in particular in models where
SUSY is softly broken, LFV imposes a severe constraint in BR(7— uy)<1.1x10°®

the flavor dependence of the soft terms as they are generated

in grand unified theorie€GUT's) and string inspired models

[6]. BR(7—ey)<2.7x10 ¢, (1)

The inclusion of a “seesaw” mechanism in the MSSM

provides a very attractive scenario to understand neutrinds we will show, the predictions for the last two processes

oscillations with very small neutrino masses, and at the samare much lower than the above limits and will not constrain

time gives rates for LFV processes accessible in projectethe BRPV model. Fop— ey the predictions are compatible
with the current limit but could begin to constrain the model
for the bounds that will be reached in curré®b] or planned

*Electronic address: dani@cfif.ist.utl.pt experimentq 26], if only the atmospheric neutrino data are
"Electronic address: mgomez@cfif.ist.utl.pt taken in account. However the requirement that the one-loop
*Electronic address: jorge.romao@ist.utl.pt inducedAmf2 is in agreement with the solar neutrino data
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implies that the predicted rates fpr— ey will not be vis- VBRPV_ _ B ¢ ¢ b“L‘aHb (5)
ible, even in those new experiments. soft rrmabT
This paper is organized as follows. In Secs. Il, Ill and IV where theB; have units of mass.

we describe the model, the scalar potential and the fermion The electroweak symmetry is broken when the two Higgs
mass matrices, respectively. In Sec. V we derive the expresloubletsHy andH,, and the neutral component of the slepton
sions for the LFV processes. The results are presented in SedoubletsL; acquire vacuum expectation values. We intro-
VI and in Sec. VIl we give our conclusions. The more tech-duce the notation:

nical questions regarding the mass matrices, couplings and

the explicit formulas for the amplitudes are given in the Ap- Hg HY 5 [io
pendixes. He=|,,_ |, H«={ 0| L=[~_], (6)
Hd Hu ||_
Il. THE SUPERPOTENTIAL AND THE SOFT BREAKING where we shift the neutral fields with nonzero VEV’s as
TERMS
0 0 0 0
Using the conventions of Reff21,27 we introduce the HO— ogtvgtieg HO— o tuygtiey
model by specifying the superpotential, which includes a— 2 ' u 2 '
BRPV [16] in three generations. It is given by
TR A
PN A A A AA A ~ oA “tot+iv
W= ,[ QR0 AE+hiQPD, A3+ hi L PR A3~ wH3A® o= LJI"IVI )
2

+e L2 .
Note that thewW boson acquires a masss,= :g%v?, Where
where the couplingd,, hp andhg are 3<3 Yukawa ma- v’=vitvitoitoitoi=(246 GeVy.
trices andu and ¢; are parameters with units of mass. The [N addition to the above MSSM parameters, our model
second bilinear term in Eq2) violates lepton number and CONtaINS niné new parametets, v; andB; . The minimiza-
therefore also break® parity. The inclusion of th&-parity tion of the scalar potential allows us to rglate some of these
violating term, although small, can modify the predictions of €€ parameters. The values &f,v; are directly related to
the MSSM. The most salient features are that neutrinos bdl'€ Neutrino masses and mixings as we will discuss below.
come massive and the lightest neutralino is no longer a dark
matter candidate because it is allowed to decay. Furthermore,
we can observe that this model implies the mixing of the The electroweak symmetry is broken when the neutral
leptons with the usual charginos and neutralinos of thediggs bosons and the neutral slepton fields acquire nonzero
MSSM. Lepton Yukawa couplings can be written as diagonalVEV'’s. These are calculated via the minimization of the ef-
matrices without any loss of generality since it is possible tdfective potential or, in the diagrammatic method, via the tad-
rotate the superﬁemgib in the superpotential, Eq2), such  pole equations. The full scalar potential at tree level is
that Yukawa matrixhg becomes diagonal. Conversely, in
BRPV models it is possible to apply a similar rotation to V0 _2 ‘M
reduce the number of parameters and provide a nontrivial total ™ & | 57,
structure tohg [28].

Supersymmetry breaking is parametrized with a set of soffvherez; is any one of the scalar components of the super-
supersymmetry breaking terms. In the MSSM these are givefields in the superpotential in E¢2), V, are theD terms,

Ill. THE SCALAR POTENTIAL

2
+VD+VMSSM+ VBRPV (8)

soft soft

by andVERPV is given in Eq.(5).
The tree level scalar potential contains the following lin-
mssm - | 1 1 1 ear terms:
Leot=—Veor  + EMS)\S)\S‘FEM)\)\+§M'7\/7\/+H.C.
3 Vinear=tgoq+ oo+ i+ G5 +1505,  (9)
where where the different® are the tadpoles at tree level; their

explicit expressions can be found in REI5]. The five tree
Cnm ~ e~ e~ e~ 0 Py
V!lo?tSM: M ngia* Q?Jr M UZUiUT M BZDiD}\‘ n M'LJZL;"‘* L]f" level tadpolgsa are equal to zero at the minimum of the tree
level potential, and therefore we can use them to express the

+MEPRRS +mfy HE* H3+m3 Hi¥HE parameters
ol AYQIT HE +AYQID i+ ALLIR g BB B2 s o
—BuH3H]I. 4

#HGH,] @ in terms of

In addition to the MSSM soft SUSY breaking terms in

VMSSM

2 2 o
Moo the BRPV model contains the following extra term: Vusvds €0 MG MG My (11)
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We have two possible solutions for: M 0 m'
Mn= 16
_ —b=*\b*—4ac " N m 0 (16)
R e (12
where
wherea=v2-v3, b=2v43% ;€v;, and - . L -
3 3 2 M 0 —Eg’vd Eg’vu
C=vﬁ(z e2+m3 —vgmﬁd—(E eivi> —Do? 1 1
i=1 u i=1
0 M - - =
3 2 ngd ngu
1 M o=
_EE E Vivj (ML|J+MLJ|) (13) X 1 1
i=1j=1 _Eg,vd 59vd 0 M
where we have defined=%(g?+9’'?)(v3+v3+vi+0v3 1 1
~02). 500 R0, a0
As one can easily verify, the above relations lead to the - “(17)
MSSM relation foru? in the limit of vanishinge; andv; .
The uncertainty of the sign in the MSSM is translated herds the standard MSSM neutralino mass matrix and
into two possible values for thg term. However for the _ _
values ofe; andv; relevant to our work both solutions are _ E v 1 v 0 €
close in modulus and of opposite sign. The valuesBf@nd 29v1 Z9n !
B; can be expressed in terms pfas 1 1
m= — Eg’vz Egvz 0 €2 (18)
1 Uy 2 2
B= - (mh tu +D)—iZl €vi |, (14) 1 1
! - i _59'03 >9vs 0 63_
1 > 1 . . .
Bi=—|vqu— > €jvj— —| Dv; characterizes the breaking Bfparity.
Vu =1 €i The mass matriMy, is diagonalized by
3
1 N*MN~t=diagm,o,m, ), (19
52 vj(MZ;+ Eji)) : (15) N gm,p.m,
where (=1, ...,4) for theneutralinos, andj=1,...,3)
The equivalent equations for the MSSM equations are obfor the neutrinos.
tained by setting:; ,v; equal to zero. Sincem, <m0 the mass matrii) is similar to the “see-
saw” mass matrices and takes approximately the form
IV. FERMION MASSES WITH BRPV diag(M ,0,Mes), With
As we discussed in the previous section the presence ofi ;= —mM;olmT
BRPV terms in the superpotential, E®), induces nonzero
VEV'’s for the sneutrinos and enables the neutrinos to have a Ag AeA, AA,
mass, with a value related to the sizeepfv; and the SUSY M,g%+M,g'? AA A2 AA
parameters involved in the electroweak symmetry breaking. ~ —4 det M o) etu o wirr |
Furthermore, the nonconservation of tReparity allows the X AN, ALA; A?
SUSY partners to mix with the SM patrticles. In this section (20
we describe in detail the resulting neutralino-neutrino and
chargino-charged-lepton mass matrices, since they are thhere theA; parameters in Eq(20) are defined as
most directly related to our problem. The complete set of A= 21
mass matrices for the BRPV model can be found in Ref. i=HUiTUGE; (21)

[15]. One of the neutrino species acquire a tree level nonzero
mass, given by
A. Neutralino-neutrino mass matrix
L. . 2 2
The range of values of the parameters is indirectly as- m, =Tr(my)= M19°+ Mg’ |[§|2 22)
sociated with the size of the neutrino masses predicted by the "3 eff 4 det M ,0) '

model. To explore this relation we describe next the mass
mixings among neutralinos and neutrinos. In the bads  \where |A|2=3% ,AZ. The two other neutrinos can get

=(—iN',—iN3H Hd Hu Ve v, v,) the neutral fermion mass masses at one loop as discussed in Héf5,29,3Q. For our
matrix My, is given by purposes it will be important to have an estimate of the val-
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ues ofAmf,=m3 —mj . We will use the results of Ref31]
where it was found that, to a very good approximation,

z
m,, =0 and ;\J\NWL\L
2 . X % % X . %
m, = m, sin 26, — log — ————
2 1672 b b,u2 gmgl |A|2

FIG. 1. Generic Feynman diagrams ﬁ@ERij .

The explanation of the data on neutrino oscillations given epart from the conventions of Ré27] because we want
in Ref.[15] requires the neutrino masses to be in the sub—e\fI part fror ~ ) )
thee™, u~ and 7~ to be the particles and not the antipar-

range in order to fit the data on atmospheric neutrino OSC"iicIes)
lations. In our examples we talm,,3=0.1 eV, which leads

to values oflA| in the range of 0.1-1 Gé¥/for the values
of the SUSY parameters that we will consider. Considering Xi =
that we take positive values far we should also take nega-
tive values for the productjv; to avoid our analysis being
constrained to small values ef. However, as we will see,

(28)

The parametrization of the matricds and U given in
Appendix A, which was introduced in Ref§22,32, pro-
9eSlides a very accurate representation of the exact result. By
BR(ZMHGZZ' the vzalues ofei| have to be below 0.1 GeV, if  cyharing the numerical results with the analytical expres-
Ami,<<10"" (eV), as required by the solar neutrino data. gjons shown in Appendix A, we found discrepancies of less

than 1%. To obtain this level of accuracy we had to intro-
B. Chargino—charged-lepton mass matrix duce corrections in the definitions ®f , Vg, andQg with
respect to the formulas of RdR2]. These arise mainly from

Due to theR-parity violating terms in the superpotential, . : ; h o .
panty g perp including the submatriE’ in our derivation(see Appendix

Eq. (2), the charginos mix with the charged leptons, linking ; ,
therefore the problem of the masses of the neutrinos with thé): Although the matrix elements &' are smaller than the
problem of charged lepton flavor violation. We describe inCther components dil¢, it must be taken into account in
this subsection the chargino-lepton mass matrix to explai@"der to maich the results of the smaller elements ahdV

how the flavor mixing on the charged lepton sector arises. 1iound in the exact diagonalization. Our definition\6f and
a basis where Vg leads to the correct form for the lower righ®3 subma-

trices of U and V. We will make use of it to explain the
T=(—iNt BT ef uf details of our results. The inclusion of the matBx in the
g =(—INT Hy e ur  TR), o ;
determination of)y allows us to display the dependence of
_ = the matrix elements on thd parameters, rather than the
T_ _ 1]
Y= (EI L Hg e ), (24 explicit dependence on thes as quoted in Refl22].

. _ _ Also, we must observe that the element€)pfexceed the
the corresponding charged fermion mass terms in the Lgsneg of(), by several orders of magnitude. Therefore we
grangian are can anticipate that the couplings containing the mattix
Appendix C will be suppressed with respect to the ones con-

taining the elements dfl.

MT —+
C) ( i +Hc. (25

0 /\y

Lo=— 1( +T 7T) 0
m— 2 l// ’ lr// M c
V. lj—=ljy FLAVOR VIOLATING PROCESSES AND THE
where the chargino—charged-lepton mass matrixis given ANOMALOUS MAGNETIC MOMENT
in Appendix A. As in the MSSMM . is diagonalized by two
rotation matrices, and we include the physical charged lep-
tons and charginos into a set of five charged fermions defined The effective operators that generate the dechys

A. Effective Lagrangian and diagrams

as —I; ¥ and the lepton anomalous magnetic moment can be
written as
Fr=Uiyg . Fi=Viy, (26 m
|.
such that ﬁeff:e7]|_iUMVF“V(ALij PLt+AgiPRI. (29
U*McV ™ i=Mcp (270 The one-loop contributions t&_ r in the model under con-
sideration arise from the diagrams of Figs. 1-3:
whereM¢p is the diagonal charged fermion mass matrix. S G o
In the previous expressions tifie" are two component ALij=AL; HAG A (30)
spinors. We construct the four component Dirac spinors out S G Q
of the two component spinors with the conventighere we Arij=ARij T Arij T Agij - (39
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%v flavor conserving when the soft terms are universal as given
by the minimal supergravity version of the MSSM.
S .oCenL S . Al arise from the four diagrams of Fig. 3, where the
s indicesX=1, ... ,6refer to the eigenstates o6& squark
o ’ % I % % g T % mass matrices and indices=1,2,3 are the quark generation
Y

indices. These diagrams are not present wReparity is
conserved.

FIG. 2. Generic Feynman diagrams &y, .
B. BR(I;—l;v) for flavor violating processes
The partial contributions in the above expressions corre- The pranching ratio for the rare lepton decays |y is
spond to the addition of the sets of diagrams represented igiyen in the literatur7] and we do not repeat the derivation

each figure: here. The result is
0 + + 0
A(L;Ri':AN i A R (32 4873
, ] L,RIJ L,RIJ 1 _ _
BR(l; =1, 7):?(|ALij|2+|ARij|2) (35
0_c* *_ 0 +_po F
AE,Rij:AF,RijS +A(L:,Rijs +AE,RijP , (33

where the amplituded, ;; andAg;; were defined in EQ.30).
A(Lg,Rij:AETFQJH—FAETRL”L’_AE?/FQJQ—’_AETR(?]}/' (34) The complete expressions for the amplltudgs co_rrespondnjg
to these processes in the BRPV model are given in Appendix
The superscripts in each contribution on the right denote th&- In_the]ir dgnvaﬂon we have neglected the mass of the
fermion and boson internal lines of the corresponding dia®utg0ing fermion.
gram. For the quarks-squarks diagrams we include the sym- .
bol y to indicate whether the photon is attached to the fer- C. The muon anomalous magnetic moment

mion or the boson line. We follow the notation §15] The expression for the muon anomalous magnetic mo-

indicating byS™ the eigenstates of the charged scalar masgnent can be obtained from the Lagrangian given in @8).
matrix, by S° and P the eigenstates for the sneutrino— One obtaing33],

Higgs-boson scalar mass matric€&P even andCP odd,

respectively. (9u=2) ok
The contributions td\ﬁRij arise from the diagrams in Fig. at= 2 ML (AL +ARY). (36)
1. The indexA=1, ... ,5corresponds to the eigenstates of

the chargino-lepton mass matrix, while the indice$ The amplitude#\{/z can also be obtained from the formulas
=1,2,3 correspond to the lepton generation indices in th@f Appendix C by including the effect ah,, in both external
limit of the MSSM with R-parity conservation. These dia- lines of the diagrams. To do that we just have to include a
grams will become the SM contribution &.¢;, Eq.(29), in  factor of 2 in the part of the amplitude containing the func-
the limit €;=0. In the case of the SM this provides the maintion fp, P=N,C,W,Z:

contribution toa, , no contribution for charged LFV pro-

cesses when neutrinos are considered massless and a very At = AT fp(x)— 2fp(X)]. 37
suppressed contribution for the values mt,i compatible
with the experimental limit$4]. VI. RESULTS

The contributions t&\>/}, arise from the three diagrams of
Fig. 2, where the indeX refers to the eigenstates of scalar
mass matricesS™ are the eigenstates of thex® charged The BRPV model that we consider adds more free param-
Higgs-boson—slepton mass matrix a8tjP° represent the eters to the ones already present in the MSSM. However, if
eigenstates of the>65 neutral Higgs boson—sneutrino scalarwe consider the phenomenological constraints imposed on
and pseudoscalar mass matrices, respectively. In the limihe MSSM by the limits on the mass of the lightest neutral
where R parity is conserved these three diagrams will beCP-even Higgs bosom,, by the BRp—sy) and by the
combined in the two supersymmetric diagrams contributingvalue of thea”, as well as those derived from neutrino phys-
to the A/ in the MSSM. In this limit, these diagrams are ics on the BRPV parameters, we can narrow the space of

parameters such that generic predictions for BR{evy)

A. The parameter space

v and BR(r— uy) can be made.
S wd L We assume the parameter space of the MSSM with uni-
HEH2 B L versal soft terms and GUT unification,
: : a6 Mgur,Mo, My, tans, u,B,he hy hp Ay, (38
= N = T S e @ 6 Mgut,Mo,Myp,tanB, u,B,he hy ,hp ,Ag, (38
Y with the addition of the BRPV parameters,
FIG. 3. Generic Feynman diagrams &5l . €,B;,v;, 1=123. (39
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Aq is defined such tha#d,(GUT)=A,-h,, 1=U,D,E. The
quantitieSaezgéMTr (gg being the GUT gauge coupling
constant and M g1 are evaluated consistently with the ex-
perimental values o, ,,, as, and sifé, atm,. We inte-
grate numerically the RGE’s for the BRPV model, at two
loops in the gauge and Yukawa couplings and at one loop i
the soft terms, fronM gt down to a common supersymmet-
ric thresholdM s~ \/m; ;. From this energy tan;, the

renormalization group equationdRGE’s) of the SM are
used.
As we explained before, the minimum conditions of the

effective scalar potential allow us to express the values of

©,B,B1,B,,B3 in terms of tam3, €; ,v; . These are evaluated
at the scaleMg. The value ofu obtained at this scale is
similar to the one obtained by minimizing the effective po-
tential with the complete 1-loop MSSM contributiof34].
The 1-loop contributions arising from RP-violating terms for
these parameters are comparatively much smaller.

PHYSICAL REVIEW D 65 093013
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We fix the elements of the quark Yukawa matrices at the FIG. 4. Partial amplitude#\r corresponding to the choice of
GUT scale, consistently with the experimental values of theoarametersb) of Sec. VIA for a= —5 GeV (solid) and e,=
quark masses and the absolute values of the Cabibbo=0.1 GeV(dash. The values ofA\z change sign on each branch of

Kobayashi-Maskaw& KM) matrix elements. In the case of

the curve; the left one corresponds to positive values.

the charged leptons we have to make sure that the three
lightest eigenvalues of the chargino—charged-lepton matrix Therefore we study the dependence of the process under
are consistent with the experimental values of the chargegonsideration on the values ef,¢;, €5 for a neutrino mass

lepton masses.

The values ofmy andmy, are chosen in the region of the
parameter space favored by the considerations presented
Ref. [33], so that we can compare our results with typical
predictions for the BR¢—ey) in the MSSM with a seesaw
mechanism, as discussed in RE3]. Obviously, since our
model breaksR parity, the lightest supersymmetric particle

(LSP) is not a dark matter candidate and therefore the cos-

mological preferred areas of Rdf33] do not apply to our

of m,,3=0.1 eV, on the upper limit of the allowed range for

the atmospheric neutrino anomaly. For comparison purposes
We also present some results fn53=0.05 eV in the middle

of that range, and fom, =1 eV.
We will assign random values te, and e, in the range

—2X10"2 GeV=¢;,e,=—60 GeV. (40)

study. However, the restriction of considering points in theHowever, the requirement that, <0.01 eV will exclude

Mmg-my» plane such tham,,>113 GeV is the most restric-
tive. The SUSY contribution ta* [35] favors the sign ofu
to be positive for the choice of SUSY parameters given be
low. We found that the upper bound of Ed.7) (see below
on Sa* is less restrictive than the one imposed by,
>113 GeV. We analyze three sets of SUSY parameters,

(a) tanB=10, my»,=400 GeV, my=200 GeV, A;=0,
m,=0.1 eV,

(b) tanB=30, m;,=400 GeV, my=300 GeV, Ay;=0,
m,=0.1 eV,

(c) tanB=30, my»,=600 GeV, my=300 GeV, A;=0,
m,=0.1 eV.

The six free BRPV parametees,v; reduce to three if we

values of|€|>0.1 GeV. This will be explicitly shown in
our results. The value o is kept fixed since our results are
not altered when it varies in the above range.

B. The branching ratio for I —I; ¥

We perform a full numerical analysis with the exact di-
agonalization of matrices involved in the computation of
branching ratios. The main contribution for B evy), Eq.
(35), comes from the amplitude&g. The partial contribu-
tions from the various diagrams listed in E¢32)—(34) are
displayed in Fig. 4, for the set of parametébs. We have
found that they are all independent ©f and that they dis-

take into account the constraints imposed by the predictionBl2y @ linear behavior as a function of the prodegt e,

for neutrino oscillations in this model, as given in Rf5].

By setting the atmospheric neutrino anomaly scale to theellation observed i

when this product is larger than 0.1 GeV except for the can-
* 0 * 0
C=AS S +AS 7. The values of

magnitude of the tree level nonzero value of one of the neuthe amplitudes arising from the diagrams of Fig. 1 depend on

trinos, Eq.(22), we fix the valuex; A2 for each SUSY point,
where theA; were defined in Eq(21). We then follow the
discussion of Ref[15], where it was shown that the condi-
tions A3=A,=5X A, satisfy both the atmospheric neutrino
anomaly mixings and the CHOOZ res{®]. We then obtain
a linear relationship between each couglev; .

the €’s through theA’s which are kept fixed, and therefore
remain constant. We also found the contributions of the dia-
grams of Fig. 3 to be of the same order of magnitude. As we
can see, the sum of all of therS, is almost a linear func-
tion of €;- €,. The amplitudes arising from the diagrams of
Fig. 2 are the dominant ones. The one mediated by the neu-
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tralino (A ) is smaller than the dominant chargino exchange
(A ), except in the range where the cancellation takes place
We can also observe in Fig. 4 that the cancellation that
appears in thé‘g depends on the value ef. The values that
we show correspond to two different choicesegf(note that
if we allowed e; to change randomly, as we have done with ’S—
the other amplitudes, the values faf would be a distribu- ~ ©
tion of dotg. The behavior ofAC cannot be attributed to an T
accidental cancellation between the scalar and pseudoscalg’
parts as one may naively expect; on the contrary both part"q
add constructively and almost vanish simultaneously. The
behavior of that amplitude can be explained when we iden-
tify which are the particles running in the loops of Fig. 2 that
are responsible for the main contributioné=1, A=1 and
X=4, A=1,2. Then we can obtain an accurate approxima- . VY IR T T TR T
tion for the amplitude by using the formulas given in Appen- 109001 0.01 0.1 1 10 100

. P .
dixes A, B and C. Let us considé ~° since the contri- 2

bution of the corresponding pseudoscalar exchange is almost _ PO
identical. We get from Eq(C4) for the dominant contribu- FIG. 5. BRu—ey) vs —¢; for ,=—-0.1-1,-5 GeV for

10"

fons case(b).
ct-g0 1 1 m Xy CCS | /CCSk Uz~ — f12 + _61A2 Ug~ & Up~— utb (45)
R~ o m_hc(xll) m, VRs11Via11 3 w2 ogud Z ] 12:“
) m, = Hence we can find the value e} at whichAg:O,
; CCs CCsx
— Z c(XA4) Raa4Vians - (4D) AoF, v
msg = m, €y~ hererrd (46)

Fo+F UL,
Using the definitions of Appendix B we find,

The position of the cancellation changes, with the value of

cos +ees gh, the SUSY parameters and also with the value\gf as we
Vera11Via11™~ — fuaz‘U 14/ can see from Eq46). This explains the qualitative changes
we find in Figs. 5-10.
Some of the amplitudes contributing to the BRGevy)
cCs \jCCsk ghMU34VA1UA21 (42) presented above have been previously discussed in Refs.

ReasTLaAs ™ 5 [9,11]. We agree with Ref(11] in that the main contribution

arises fromAg except for the values of parameters affected
whereh,, is the Yukawa coupling of the muon. We can then

write 10g Ty
AR34 ’~ F1UsUpatFaUsy (43

10 . |

where E 3
gh, 1 m,= S |

Fi= ——— —hc(X1)—, F E

1 o

% o1 1

gh, 1 i . 3

Fo=— 32\/— 7 2 h (XA4)_VA1UA2 (44) [ ]
2 Mgo A= M o0t} ! /-_!

The quantities~, andF, are independent of the BRPV pa- [ : T BT

rameterse; and can be evaluated given the SUSY param- 0.0q =t MPPETTY, I T
S e 0 .001 0.01 01 10 100

eters. The dependence of the amplitédg, ° on ¢ comes -€, (GeV)

from the matrix elementdl;,, Uy, andU3z,. Using Appen-
dix A we can find approximate expressions for these matrix FIG. 6. Contour plot for BR¢g—ey) in €;-¢, plane for case
elements that display this dependence explicitly. We get  (b). The dash lines correspond it =0.01 eV.
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100
10 3
o [ 1p=
> > E
[ ) F
©) ©)
o o~
9 @ 0.1 3
i
0.01p- 1 | 001 |
! 16 15 10" 10”10 g™
1 10 10
MR ETTY AR ET~T BTN TITT B AR TTTT B AW T IR TTTT BEE IR TTIT B SR TTT AR TTTT B S S W T T
008001 0.01 0.1 1 10 100 00001 0.01 0.1 1 10 100
-€, (GeV) -€ (GeV)
FIG. 7. Contour plot for BR¢—ey) in €;-€, plane for caséc). FIG. 9. Same as Fig. 6, cage) for m, =1 eV.

The dashed lines correspondrtQ,Z:O.Ol ev.

_ _ _We can expect that the BR increases with/faand decreases
by the cancellation mentioned above. However we findgg my/, grows. The increase ah, produces the same quali-

smaller values foAR than the ones quoted [i9]. tative effect as the increase of;,; however, it has a lower
The contribution ofA to the branching ratio is negligible impact on the BR than the changesnn,,.
compared withAg, due to the fact that the matrid is re- Our results can be compared with the predictions of a

placed byV with suppressed mixings. This holds even for themodel based on the MSSM with a seesaw mechanism pre-

elementVs,. As we can see in Appendix A this element is sented in Ref[8], where the results for BR{(—ey) are of

determined by which is obtained in a similar way a8 order 10 *3for case(a) and between 102 and 10 2 for (b)

for the matrixU. However, we observe that the main contri- and(c). If we observe our predictions for cad®, Fig. 6, we

bution toV3, is suppressed by a factar,/m,, with respect  can see that the model predicts ratios of ¥8-10 12 for

to the corresponding one id,. values of| ;| and|e,| ranging from 1 to 10 GeVindepen-
Figure 5 shows the impact of the cancellatiomigon the  dently of the value ofe;). Values in the range of 0.1 to 1

predictions of BRft— ey) for the choice of parametets).  GeV would lead to rates of order 1&—10"15, still interest-

As we can deduce from E6) the value of thes, at which  ing for the next generation experimen5,26. Similarly,

the cancellation irAg takes place depends on the values ofthe window of 0.K —¢€;,—€,<1 GeV is crossed only by

the SUSY parameters. This determines the shape of thiae 10 6 line in case(c) and by lines below this value for

curves of constant BR in Figs. 6—10. Since the main contricase(a). Such values ofe¢;| are however excluded if one

bution comes from the chargino mediated diagram of Fig. 2takes into account the constraint coming from the solar neu-

100: T—r-rrrrTy 100: Ty
0 10F |
S F = 1
[} : [} : E
o - o
S [ S [
w 0.1 3 | E | w 0.1 E E |
i ] . ]
! 1
001 I E | 001 | E |
; [ ] ; I E
[ I 107 I 10" [107
MECETETITT BRI | | | PEFITETTTT BRI METETETTTT EEECEE [T EEECE I AT | PEFITETTTT BRI
009! 01 0.01 0.1 1 10 100 009! 01 0.01 0.1 1 10 100
-€, (GeV) -€, (GeV)
FIG. 8. Same as Fig. 6 for casa). FIG. 10. Same as Fig. 6, cad® for my3=0.05 ev.
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TABLE I. Contributions toa, from the graphs in Figs. 1-@n units of 10 19. Casega)—(c) refer to the
choices of parameters given in Sec. VI A. See Sec. V for details of the notation.

a  al al sar (RPV)  sal(RPV)  day(RPV)  sa,/(RPV)
@ 9.6 045 —1.5x10* 7.5x10°? 6.1x10°° -0.25 0.51
(b) 25.8 1.1 —1.5x10°° 0.35 2.5<10°? -0.28 0.52
(c) 138 019 —-4.1x10* 0.11 1.9 10°? -0.14 0.28

trino mass scale. This is shown in Figs. 6, 7 and 8, where the-uy and 7—evy that are well below the current limits as
dashed line gives the upper limit 0g| as obtained from Eq. well as those of planned experiments.
(23) for the requirement tham,,2<0.01 ev.

In these figures we can appreciate that the parameters that
enhance the ratios also make,, larger. From Eq(23) we The difference in the value of the muon anomalous mag-

can observe tham,_ increases with tag (through the de- Netic moment found in the BNL E821 measurem¢db]

2 with respect to the SM prediction, which originally was con-
sidered to be 28, is now reduced to 16 after a theoretical
error was correctefl37]. When the 2 range is considered,
the allowed values for contributions beyond the SM become

C. The muon anomalous magnetic moment

pendence om,) and decreases as theterm increase$i.e.
with my,, andmg) . Furthermore, since we have chosen the

parameters to be relate[hV2 is proportional to a combina-
2

tion of € with no accidental cancellation among them. o oxot S o
Therefore we cannot find suitable values for garm,,, and —6x10 °<da,=a; P -a, '<58<10 % (47
Mo, such that we can find an o_vleerlappmg of areas witf) Several studief33] indicate that the MSSM extension of
<0.01 eV and BRg—ey)>10"". the SM can account for this discrepancy. WHemparity is

In Figs. 9 and 10 we considen, =0.05 eV andm,_  broken the SUSY particles are allowed to enter in the SM
=1 eV both for caséb). This decrease@ncreasesthe val-  diagrams(Fig. 1) and conversely the SM particles run in the
ues of theA’s by about a factor o&/2 (1/10), respectively. SUSY loops(Figs. 2 and ® -

By looking at the parametrization of the mattikin Appen- The contribution due to thB-parity violating operators to
dix A we can infer that these changes in this do not have 92 1S obtained by szubtractmgvrlrom the amplitudes arising
a decisive impact on the — ey rates. The reason for this is oM Fig- 1 NO[ a,(RPV),0a,(RPV)] and Fig. 2
that the dominant contributions &S,, S"°” are determined [9a% (RPV),éa), (RPV)] the contribution of the SM and
by the matrix(), and its elements that depend explicitly on the _I\/lS_SI\/I,IeSpGCtIVEW\NhICh are obtaln_ed n tqhe_I|m|t of
the €'s are much larger than the ones containitg (at least vanlshlng «i's). The contribution from F.'g' 34,) is not

for values of e’s leading to relevant ratigs However, the present in the MSSM' AII_these contributions are found to be

small when theR-parity violating terms are associated with

. . ct-g0 . ’ -
position of the cancellation 0Ags, > depends om\, aswe  neytrino masses of experimental interest.

can see in Eq46) and it therefore determines the changes in | Table | we show the different contributions &a,, for
the figures. The changes in thés have only a direct impact the selected values ofiy, My, and tand discussed in Sec.

on the smaller contributions, such as the ones arising frony| A, The main contributions t@a,, arise basically from the

fm - + 0
the diagrams of Fig. 1 and on e, whose size IS CON" \issm components of the diagrams in Fig.&/(,aj, ). The
trolled by the elements dflg, which, as we have said, are - : s
. X -~ .~ contribution from BRPV operators just adds a small percent-
several orders of magnitude below the main contribution b :
coming fromQ) age to the total values arising from physics beyond the SM.
L .

- - . The values that we show correspond to the maximum value
The predictions for BR{—x7) that we obtain with this obtained in the conditions for the parameters described in
model are of the same order as those for BR{evy), the

reason being that we have assumedAfrseto be of the same ggc.GVI A, when we allowlel'.’|€2| to range from 0 to
: . . . : . eV (the result is almost independent of the value of

order of magnitude, as is required to explain neutrino oscil-
lations. The results in this case are independert; off we €3)-
consider values foe, and e; in the same range as in Fig. 6
we obtain similar curves. This result contrasts with the LFV
results on the framework of the-parity conserving MSSM, We studied the LFV in one-loop induced rare processes
where BR{u—ey) is typically suppressed by several ordersl;—1l;y, i #j, in SUSY models with bilineaR-parity viola-
of magnitude with respect to BR{ wy). In this case the tion. In this context, theR-parity violating interactions can
hierarchy of Yukawa couplings makes a distinction betweerexplain the neutrino masses and mixings without adding new
the two processes. fields to the particle content of the MSSM which represent

We conclude therefore that the values of the parameters @in appealing alternative to the seesaw mechanism. In this
the BRPV model that successfully explain the solar and atwork we addressed the question of whether neutrino masses
mospheric neutrino datpl5] predict rates foru—ey, 7  inthe sub-eV range can be compatible with rates for charged

VII. CONCLUSIONS
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LFV processes of experimental interest. M, (1/\/5)9%
We have performed an exhaustive study of the interac- M,== . (A2)

tions and of the SUSY parameters involved in the processes (1/\/E)gvd H

l;—1;y, i#], and contributing to the muon anomalous mag-

netic moment. For the case of rare decays we find the diarhe submatrixE is

gram mediated by the Higgs-boson—sneutrino scalars to be

dominant. Contributions arising from diagrams including

lepton-squark and lepton-gauge-boson vertices, possible in (1/‘/5)901 A

this model, are very suppressed in the range of neutrino E= (1/\/§)gv2 — € (A3)

masses considered in this work. Regardmg, the addi- 1032 B

tional contributions introduced by the-parity violating in- ( )93 €3

teractions modify by a small percentage the value obtained in

the MSSM limit. andE’ can be written a&’ = —v - hg, wherev is defined as
As in a previous analysigl1] we find BR(u—evy) to be

very sensitive to the produet; - €,. However, the presence 0 0 0

of a cancellation in the main amplitude contributing to this v= ) (A4)

procesgwhich we have analyzed in detail through an accu- viIN2 v,IN2 valy2

rate parametrization of the matriceésV), makes our con-

tour plots sensitive to the values ef and e, in most of our As the R-parity breaking parameters are small compared

examples. The rate increases with gas it is the case inthe  yith the SUSY scale, it is possible to have an approximate

MSSM with “seesaw” mechanism. However as the one-loopgiagonalization oM. This will be very useful in under-

induced neutrino masses will also grow with fanthe re-  standing the numerical results as we can have approximate

quirement thatAmi, is compatible with the solar neutrino analytical formulas. This approximate diagonalization is ob-

data excludes the region in parameter space where thg@ined by using the following parametrization, introduced in

BR(n—evy) could be of experimental interest. On the otherRefs.[22,32, for U* andV':

hand the rates for— wy found in our study are of the same

order as the ones for— ey, and therefore also out of the 1

experimental range. . 1--0f0, Qf
Unlike the situation in these models, the rates for . |UL O 2

— uy found in our study are of the same order as the one 0 Vv,

for u— ey, and therefore out of the experimental range. - 1- EQLQI
To conclude, we must say that the obtained resultsufor

— ey show us that if the BRPV model is the explanation for

both the solar and atmospheric neutrino oscillations, the pre- 1, "

dicted LFV will not be testable at P$25] or at PRISM[26]. 1- EQRQR —Og UE 0

The correlations of the BRPV parameters with the neutralinov’= N

decays, as proposed in RE38], will remain the main test of Qg 1— EQ of 0 Vg

the model. 27 RUR

: (A5)

’

(AB)
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APPENDIX A: CHARGINO —CHARGED-LEPTON MASS

MATRIX ) 0
U*McV'i= diag |- (A8)
The chargino—charged-lepton mass matrix, in the basis of 0 Mg

of Eq. (24), takes the form

In the literaturg 22,32, the matrices) g andV, g were
(A1) obtained in the approximatioR’=0. However we discov-
ered that this approximation was not good enough to explain
our numerical results. So we rederived the expressions for
where Mg = (1/y2)vg4he is the charged lepton mass matrix these matrices without neglectirigf. We get the following
andM, -+ is the usual MSSM chargino mass matrix, expressions fof)| g:

X=

M~=
Sl E Mg

M, = E’}
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1 1 L Ei€j m?+ mjz
QL:EMXt:de(M -) T o2 mp—m?
x* i j
[ 1 1 ] A g2
i./\1 - Elde(MXt)+—gZUuA1 € ] g Yuld
V2 I 2 J wiugl 2 de(MXi) m?—m?
1 1 2
X %AQ _; Ezde(MXt)+ EQZUUAZ y (Ag) + Gin _ gZUUUd _ m'
: : p?vg|  2detM =) mi—m?
1 1
iAg — —| e3de(M =)+ =0%,A3 AjA,; g%, M2+ m?
e \/E lL . 2 - d .(M ) 2 U ]2 ’ (A14)
e ) p? vd m? —m;
= t -1 -1
QR_(E T+MeEMXt)(MXt)T R_ EiEj mimj EiAJ' mimj Ein
i p2 mi-m? gty mi-m? o pfug mi-m?
1 _
=hi| —o™+ EudQL (M_)T A 207, (AL5)
detM,=)u? va mi-m’’
I g M, | andm; are the charged lepton physical masses.
—=(Mg)i1Aj — U—(ME)ilAi Putting everything together we can find analytical expres-
2 d sions for the matriXJ that will be useful in explaining our
1 g M, results. We get
=—X| =(Mp)ipA; — —(Mg);2A;
de(Mxi) \/E EJi24%i vy E/i24%i . g Ai (
Us,j=——=——"— A16)
M 2+i,1 . ’
%(ME)iaAi _v_dZ(ME)iSAi V2 detM,-)
L . . «
><(|\/|;11)T, (A10) 2412~ QLiZ_;v (A17)
where summation over=1,2,3 is implied in each matrix * =¥ L=—U* — (A18)
element. The expression fé¥, coincides with the one found L lifhiz i u
in the literature but the expression fo¥y is different. For
V| r We found that instead of the relati¢p82,3
LR 082,32 22+ =Ul 2L ip=— fzz;: (A19)
V MgVi=Mmdiag (A11) 1
§+i,z+j:(VL_§QLQI)__ (A20)
they should satisfy "
For further reference we give the approximate expression for
1 . U3 ,. We get
Vi Me=QUE = 50 0[Me [Vh=ME™. (A12) 34
«_ €€  €ly  guieh
34—
For a general form of the matri¥ g it will be difficult to n? pPug de(Mxi)l“z
have an explicit form fol| . However, for the case that
we consider, where the matrM ¢ is diagonal, we can obtain €& €17,
an analytical approximate expression for these matrices, - w2 plog (A21)

L,R L,R
1 712 713
L,R LR
Vi r=| — 77’1‘2 1 723
L,R L,R
- 7713 - 7]33 1

where

where we have assumed that the parameters are in the ranges
described in Sec. VI A.

(A13)

APPENDIX B: THE COUPLINGS

The relevant part of the Lagrangian, using four compo-
nent spinor notation, is
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L=+xi (V{iaxPL* V& |AxPR)X;S§)<+Xi_(VEiCApxPL+VC|AxPR)X/§P?("’Xi_VM(VEiCA%PL‘*‘VCRﬁPR)X;Zz

+[XF(VE?/§XPL+V%T/§XPR)XXS;+XF(VE?:XPL+V§?XXPR)C1AG§+Xi+(VE?/SxPL+VR|Ax RIUATK
+xi Y*(Viia PL+ VRIAPRIXAW,, +H.c]. (BD)
|
The definition of these couplings is given in the following 3. Chargino-chargino CP odd neutral scalars
sections. These definitions extend those of RES], whose
conventions we follow.
Viikx=17a \/—[g(RX1UA2V +RX2UA1V
. . o
1. Chargino-neutralino charged scalars + RX2+aUA2+aV )+ (U 2R§2+a
w1 RS U% hePv B6
STax=—Pa| RY 2 A R2Via NV xaaz ol NEVize gl .
Viiax=Viax - (B7)
g, S* *
\/_(RXZNMV 2+ 2Rxs 4 aViz+oeNar) 4. Chargino-neutralino-W*
aBn|* a cnWw. * 1 * *
+(Rx2+ah Nas— RXlNA4+ah )V|2+3 (B2) Viia =~ 1ipag NAZUi1+E(NA3Ui2+NA4+an2+Q) '
(B8)
en s L VEI= g “= NagVly— N V7 (B9Y)
VRiax= 7| 9R1 ENAZUi2_NA3Uil RIA \/E Aatiz TAzTIL
L aRS 1 U N N U 5. Chargino-charginoZ°
IRx2+a \/5 i2+aNA2 7™ Naga+aYi1
g’ VE?AZ U nACOSG 2U|1UA1+ szew) Sin s
+ E(R%Nmuiﬁ Riz+ aUiz+aNa1) (B10)
cer— 9 VEVa+ }V*ZVAz—sinzﬁwﬁ- A}
a = iA™ i i ! )
+(Ui2NA4+a_NA3Ui2+a)hEBR§5+ﬁ1 (B3) " cosy| 2
(B11)
6. Chargino—quark down—squark up
where the indices have the following rangés=1, ... ,7,i

=1,...,5,a,8=1,...,3 andp, (7;) are the signs of the
neutralinogchargino$ as they are obtained from the numeri-
cal evaluation of the eigenvalugs5s.

2. Chargino-chargino CP even neutral scalars

VE?AI\JX 77A[ Vi RxaREZa+V R‘Ef\ah“ﬁRxsw]
(B12)

VC RIAX™ nl[UiZRl)j(ahgﬁRcF‘{Aﬁ]' (B13

7. Chargino—quark up —squark down

1
Ciax=— WAT[Q(R 1UA2V +R zut\lvrz VEIAdX 7inal —9U; RXaRLIj;a—FU R‘L’Zah“ﬁRd3+B]

2 (B14)

+RX2+aUA2+a )+(RX1UA2+a VEQL:XX V. 2Rd haBRu* (B15)
UAZRX2+a)hEBV|2+B] (B4)
APPENDIX C: AMPLITUDES

ces s We collect here the various amplitudes corresponding to
RiAX™ YLAiX - (BS)  the diagrams of Figs. 1-3. In these amplitudes the mass of
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the outgoing fermion was neglected. We give only the am-

plitudesA, because thég can be obtained from these with
the substitution rule

Arij=ALij(LIR—RI/L). (Cy

1. Neutralinos—charged-scalars

5 8 1

1
= A§=:l x§=:1 3072 m_z[ fN(XAX)VE?ASXVE?/?)((
Sk

NO-s*
Lij

mxo

cns CnNsx

+h (XAx) VLlAXVR]AX
m;

(C2

with xAx=(mX2/m5§)2 and the functiong ,hy given by

1—-6x+3x%+2x3—6x%In x

fn(X)= )
N 6(1—x)%
() 1-x2+2xInx ©3
X -
§ (1-%)°
2. Charginos-CP even neutral scalars
5 5
+ 0
Al(_:ij S= Z 2 T on 22 fe(Xax) E?EXVEJC%
A=1X=1 32 Mgo
X
M
+ hc(XAx) VE|AXVE{(jZ*X (C4
J

with xsz(mxi /msg()2 and the functions$,hc given by

2+3x—6x24+x3+6xInx

fe(x)= 6(1—x)° )
—3+4x—x2-2Inx
he(x)= (1-x)° (CH
3. Charginos-CP odd neutral scalars
5 5 1
0
AE j F _A21 le 3072 5 c(XAx)VEprxVEJCK,;(
P
X
m., =
XA
+hC(XAX)_m| VEiAxVRiAx (C6)
i

with Xax=(m,* /mpg)z.

PHYSICAL REVIEW D65 093013

4. Quarks-squarks

cdu y cdux
fC(XAX)VLlAXVLJAX

=3, 3,

32m2mé
+ hc(XAx) Vﬁ‘.’A’xV%‘,’t{*x (C7)
J
with xax=(mg, /Mg, )?.
3 6 5 1
A=3 3 3(—)— X VAV B
2 > 2 RiAXVRjAX
A=1 %=1 \3)324 my
muA cud \ cudk
+ hc(XAx)m_VRiAxVLij (C8
]

with xax=(my, /Mg, )?.

3 6
2 1
AE.TE 2‘1 )Zl 3<§)m{ fN(XAX)VE?AUXVE(JjALb;(
Ux
+ hN(XAx) E?XXV%?X’;( (C9
l
with xax=(mg, /mg, )2,
3 6 1
AEJW 2 2 ( )m fN(XAx)VEeL:ng%L:g&
= & 3
h % cud \ cuchk C10
+ N(XAx)m VRiaxVijax (C10
]

W|th XAX: (muA/maX)z.

5. W-neutralinos

For W-neutralinos the amplitude in the unitary gauge (
—>+90) is

5

0\~ 1
ABJW _A=1 30772 _2 fW(XA)V(I:?TXVVS}X/*
W
mxg
w1 VRIAVEA™ (C1y)
j

with XA=(ng/mw)2 and the functiondy,hy, given by

Fo) 10— 43x+ 78x%— 493+ 4x* + 18x3In x
X e
W 6(1—x)*
(C12
—4+15x—12x%+x3 +6x2Inx
hw(X) =

(1-x)°
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6. Z-charginos with xA:(mX/f/mz)2 and the functions, ,h, given by

For Z-charginos the amplitude in the unitary gauge«

+) is

8—38x+3%?— 14x3+ 5x*— 18x?Inx

ct-20 25: 7y ez falx)= 6(1—x)* ’

An o= | (X)) VESAVECR* -

Lij =4 3277_2 mz Z( A) RiIAYRjA (C14)

Mya —4+3x+x3-6xInx
+ D (Xa) = VRIAVE R (C13 hy(x)=
| (1-x)3
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