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A class of predictive SCQ0) grand unified theories with highly asymmetric mass matrices, known as
lopsided textures, which was developed to accommodate the observed mixing in the neutrino sector, can
effectively determine the rate for charged lepton flavor violatioRV), and in particular the branching ratio
for wu—ey. Assuming that the supersymmetric GUT breaks directly to the constrained minimal supersymmet-
ric standard mode{CMSSM), we find that in light of the combined constraints on the CMSSM parameters
from direct searches and from the WMAP satellite observations, the resulting predicted rate &y in this
model class can be within the current experimental bounds for loy8 tdwut that the next generation of
— ey experiments would effectively rule out this model class if LFV is not detected.
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[. INTRODUCTION CMSSM parameter space, as allowed by the WMAP obser-
vations, results in @— ey rate consistent with experimental
Neutrinos have been observed to oscillate between flavdimits for the AB model class.

states[1—8], which implies neutrino mass and mixing. In We organize this paper as follows. In Sec. Il we outline
addition, the combined observations suggest that both théie essential details of the AB models, the supersymmetric
atmospheric and solar mixing angles are nearly maximalparameter space, and the calculation forey. We con-
known as the large angle mixing solutighMA). Interest-  sider u—ey since at the present time, with the current
ingly, the LMA solution implies that the lepton mixing sce- bound [26] of the branching ratio BR{—ey)<1.2
nario is radically different from the quark sector. Specifically, X 10~ 1%, this process gives the strongest constraints on lep-
|U 3| of the Maki-Nakagawa-Sakat&NS) matrix is much  ton flavor violation in the class of models that we discuss.
larger than |V, of the Cabibbo-Kobayashi-Maskawa Furthermore, the MEG experiment at P[7] expects to
(CKM) matrix. Over the last few years a number of modelsimprove on this bound with the expected sensitivity of
that employ the seesaw mechanig®i in conjunction with  BR(u—ey)<5x10 4 This experiment will provide strin-
various flavor symmetries have been developed to addreggent limits on models with charged lepton flavor violation. In
this difference[10-21]. Recently, a particularly interesting Sec. Il we display our numerical results pr—ey together
and highly successful class of supersymmetri¢®pPgrand  with the combined constraints from the WMAP satellite ob-
unified theories(GUTs) has emerged that makes use of servations and direct search limits, and in Sec. IV we present
asymmetric mass matrices known as lopsided textites  our conclusions. The Appendix provides further calculational
13]. In these models, the charged lepton sector is responsiblietails.
for the large atmospheric mixing angle while the Majorana

singlet neutrino matrix has a simple form that results in the Il. THE AB MODEL DEEINITION
large solar mixing angle. Throughout this paper we will refer
to these models as the AB model clg$4]. The AB model class is based on an (@0 GUT with a

After GUT breaking, these models can reduce to theU(1)XZ,XZ, flavor symmetry and uses a minimum set of
R-parity conserving minimal supersymmetric standard modeHiggs fields to solve the doublet-triplet splitting problem
(MSSM) with specific model dependent relationships amond 11-13. The interesting feature of these models is the use of
the Yukawa couplings. In addition to the seesaw constraintg lopsided texture. The approximate form of the charged lep-
already provided by the neutrino physitand the demand ton and the down quark mass matrix in these models is given
that these models reproduce all the low energy physics of they
standard modgl the Wilkinson Microwave Anisotropy

Probe (WMAP) satellite observation§22] provide strong 0 0 O 0 0 O
constraints on the available supersymmetric parameter space v~ 0 0 e vo~l0 0 @ (1)
if the lightest supersymmetic particlé SP) is assumed to E P ’
compose the dark mattd23—-25. For a choice of con- 0 o 1 0 € 1

strained MSSM(CMSSM) parameters, the definite flavor .
structure of the AB model class results in specific predictiondVheréo~1 ande<1. As pointed out by the authors of Ref.
of lepton flavor violation and in particular the rate fpr L1, this asymmetric structure naturally occurs within a
—.ey. We determine how much of the currently viable Minimal SUS) GUT where the Yukawa interaction for the
down quarks and leptons is of the for 5105, (5, de-
notes the Higgs scalarsin an SU5) GUT, the left-handed
*Electronic address: ejankows@phys.ualberta.ca leptons and the charge conjugate right-handed down quarks

"Electronic address: dmaybury@phys.ualberta.ca belong to the5 while the 10 contains the charge conjugate
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right-handed leptons and the left-handed down quarks. b?»> —ben ang
Therefore the lepton and down quark mass matrices are re- | —p 5 B

lated to each other by a left-right transpose. Sinc€55i$ a Mn= €€ €] Ans ®)
subgroup of SQLO), this feature is retained in an $M) an —€ 1

GUT. This lopsided texture has the ability to explain why

|U .3/>|Vcpl. Making use of this observation, the AB mod- where the parameteesand 7 are as defined in Eq4). The

els contain the Dirac matrice/,N,D,L for the up-like  parametersa andb are of order 1 and\y~2x 10" GeV.
quarks, Dirac neutrino interaction, down-like quarks, and thesince the Majorana singlet neutrino matrix is not related to

leptons, respectivelf13], the Dirac Yukawa structure, it is not surprising that this ma-
trix should take on a form independent of the rest of the
n 0 0 7 0 0 model. Once these choices have been made, the AB model
u=| 0 0 eB|My, N=[0 0 —€|My, class is highly predictive and accurately fits all the low en-
0 —e3 1 0 e 1 ergy standard model physics and the neutrino mixing obser-

@) vations.
It should be emphasized that all these relations are defined

0 5 5'eld at the GUT scale and are therefore subject to renormalization
group running. If we assume that the GUT symmetry breaks
D=| ¢ 0 o+el3|Mp, to the standard model gauge symmetri8s)(3)xSU(2)
5'e? —¢3 1 XU(1), andthat supersymmetry is broken supergravition-
ally through a hidden sector in a flavor independent manner,
0 ) 5el? the AB model class will give well defined predictions for
L= s 0 e |'m 3 charged lepton flavor violatiofLFV). There may also be
- ' D> contributions to the off-diagonal elements from renormaliza-
5'e? o+te 1 tion group running between the GUT and gravity scales
[32,33. Since the particulars of GUT and supersymmetry
where breaking—as well as the possibility of new physics above

the GUT scale—can have model dependent effects on the
branching ratio fou— ey, we do not consider an interval of
running between the GUT and gravity scales.

The specific model predictions for the Dirac Yukawa cou-
plings and the form of the Majorana singlet neutrino matrix

My~113 GeV, Mp~1 GeV,

o=1.78, €=0.145,

6=8.6x10 % §'=7.9x10°%, (4 will feed into the soft supersymmetry breaking slepton mass
6 terms through renormalization group running, generating off-
$=126°, 7=8Xx10"". diagonal elements that will contribute to flavor changing

neutral current§34]. The amount of flavor violation con-

The given values oMp andMy best fit the low energy tained in the AB model class can be examined through the
data with tarB~5. However, the mass scale itself is set only yranching ratio of the procegs— evy.

after electroweak symmetry breaking and it is therefore pos-
sible, with the use of tag, to extract dimensionless Yukawa
matricesYy, Yy, Yp, and Yg. It is advantageous to use IIl. NUMERICAL RESULTS FOR = p—ey

dimensionless _cgl_Jp!ings since the renormalization group after GUT and supersymmetry breaking, the model class
equations are initialized above the electroweak symmetryaq,ces to the CMSSM with heavy gauge singlet neutrinos to
breaking scale. The corresponding dimensionless up- angaxe use of the seesaw mechanism. It should be noted that
down-like Yukawa matrices retain the form of Eq®), and  giyen our assumptions about how the GUT and supersymme-
(3) but are scaled by two overall dimensionless factbtg; try breaks, the CMSSM studies of Ref®23-25 directly
andMy, . By varying the overall dimensionless scale factors,impact this model class. As discussed in the preceding sec-
other values of tap can be accommodated while retaining tion, the renormalization group running from the supersym-
accurate fits to the low energy data after renormalizatiormetry breaking scale to the weak scale alters the simple GUT
group running. Our code implements the one-loop beta funcrelationship for the sfermion mass matrices. The diagonal
tions [28-3Q for the CMSSM with neutrino singlets and part of the sfermion mass matrices is not strongly model
reproduces the results of Ref41-13. Furthermore, we ob- dependent. The model dependence appears in the off-
tain accuratéwithin the stated errors in Reff31]) fits to the  diagonal parts of the sfermion mass matrices that come from
low energy data for tag=5-50 which corresponds |,  the particular textures of the model class—i.e., the mixings.
=0.82-0.85 andV ;=0.016-0.20. Therefore, flavor changing neutral current processes are of
The lopsided texture of the AB model class nicely fits theprimary interest, since they test the off-diagonal sfermion
large atmospheric mixing angle; however, in order to obtairmass matrix structure. As discussed in the Introduction,
the large solar mixing angle a specific hierarchical form ofu— ey is the best constraining process for this model class.
the heavy Majorana singlet neutrino matrix needs to be chowe note that the prediction for the anomalous magnetic mo-
sen[12,13, namely, ment of the muon in this model class is consistent with the
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CMSSM analysis found in Ref23]. trix). We conservatively assume that the trilinear terys
The leptonic part of the superpotential is and Ay, vanish at the supersymmetry breaking scale.
1 We run the parameters of the CMSSM using the renor-
W= e€,sHGEY L  + €, 5HINY LA + >NMyN, (6)  malization group equation§28-30 working in a basis
where the Majorana neutrino singlet matrix is diagonal, in-
whereYg, Yy are Yukawa matrices, anlly, is the singlet  tegrating out each heavy neutrino singlet at its associated
Majorana neutrino mass matrix. The totally antisymmetricScale. After integrating down to the electroweak scale, we
symbol is definece;,= +1. We explain our notation in de- rotate the Yukawa couplings to the mass eigenbasis. In order
tail in the Appendix. On integrating out the heavy singletto understand the origin of flavor violation in this model

neutrinos, Eq(6) reduces to class, we first give a qualitative estimate. The leading log
1 approximation of the off-diagonal slepton mass term is given
W= eaﬁHgEYELB—EVTm,,v, (7 by
3 M
2y e m2Y Y ) Il =Yt
Where ) (AmL)” 8772m0(YN YN)”In( AN ) (15)
v —_ .
mv:?YLMNlYNS'”ZB (8)  (assuming that the trilinears vanish at the GUT s;aad

using this approximation together with mass insertion tech-
is the seesaw induced light neutrino mass matrix. The coefriques[28,33, the branching ratio fou—evy is
ficients 8 andv are defined in terms of Higgs fields expec-

tation values by ad [(m%)lﬂz
BR(u—ey)~— ——5 —tarrp
2 0 G
v 0 o <Hu F s
?=<Hd>2+(Hu>2:(174 GeVj?, tanB= Hoy (9) ,
(Ha) a® 2 Maur + 2
. o : ~ 5|z Moin—— [(Yn'Yn)1o tar,

The neutrino mass matrig8) is in general not diagonal and GEmZ | 872 Ay
this is the source of lepton flavor violating interactions. (16

We assume that supersymmetry is broken softly in that . _ . _
breaking occurs through operators of mass dimension 2 andherem; is a typical sparticle mass. We see that since the
3. The soft supersymmetry breaking Lagrangian relevant télavor structure of the AB model class is specified so pre-

LFV studies is cisely, the branching ratio fgz— ey is well determined. In
our calculation of the decay rate, we use the full one-loop
ﬁbreakingz—5aﬁE“Tm%EB—EngET—Nm§NT expressjons derived fro_m the diagrams in Fig(ske the
Appendix for more details
—Mfy SapHG  HE— M) SapH I HE The WMAP satellite observatiori@2] strongly limit the

available CMSSM parameter space if the LSP composes the
dark matter{23—-25. We display our results over CMSSM
parameter ranges determined by RéRS] and[24], which

not only impose that the resulting model has LSP relic den-

1.
+( —be,gHIHE - SNBiN+c.c.

+(— €,pHIEALLP— €, ,HINAL A+ c.c) sities in the range determined by WMAR2], but that they
have spectra consistent with the CERNe ™ collider LEP
+( _ 1M1§~B_1M2Wa\7va+c_c_) (10) dire_ct search limit§31], as \_NeII as the rate fdn—>_3y. Fo_l- _
2 2 lowing these authors we ignore the focus point region in

. ] ) parameter space that occurs at very lamgeand whose lo-
(see the Appendix for the notational detailfhe CMSSM  cation depends om, andM,, in an extremely sensitive man-
assumes universal soft supersymmetry breaking parameteggy.

order the GUT scale, leading to the following GUT relations: _,ey in the m,,-m, plane for a variety of tag with the u

parameter both positive and negative. The parameters of the

m%ZmZEZ m§l=m§-l, (11 AB model class have been chosen such that all the low en-
X X ) ergy predictions fit the standard model data, and we have
My, = My, = Mo, (12 chosena=1 andb=2 for the Majorana singlet neutrino
mass matrix given in Eq5). As indicated in Ref[13], there
Ag=AN=0, (13 are a number of possible model choices for the Majorana
singlet parametera andb that are consistent with the LMA
Mi=M,=my,, (14) solution. However, we find that the rate far—evy is largely

unaffected by the allowed randé3] for these parameters,
wherem, andm;,, denote the universal scalar mass and thel.0sa=<2.4 and 1.&b=<5.2. Figure 2(a) demonstrates the
universal gaugino mass, respectivelyi§ the 3<x3 unit ma-  lepton flavor bounds for taf=5 with x>0 . The small
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FIG. 1. Feynman diagrams contributing go—evy.

linelike shaded area in the lower part of the panel is the>0, the branching ratio allowed contours no longer have a
allowed region from the combined WMAP and laboratory significant overlap with the WMAP region. As a result, we
limits. The remaining panels show that the contours of confind that the AB model class is consistent with the current
stant branching ratio migrate to the right of the plots., to  experimental bound om—ey for low tang (i.e., tang

high values ofmy, and mg) as tary is increased. In each =<20) for ©>0. For completeness, in panély and(e), we
case we overlay the approximate WMAP and laboratory conshow two cases wherg<0. The branching ratio ofu

straint bounds represented by a shaded re8]. The

—ey is largely insensitive to the sign qi; however, the

choice for the sign oj is indicated in each panel. As t#h ~ WMAP region is moderately affect®4]. A small part of
is pushed up, larger portions of the parameter space becontige allowed WMAP region is currently permitted for larger
excluded. This is an expected feature since the branchinging (i.e., ~35) as indicated in pandk). The upcoming

ratio is proportional to tafB. Notice that by taB~ 25, u

limits [27] that MEG will establish, BR¢—ey)<5

tanB=5, u>0 tanp=10, n<0 tanp=15, u>0
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FIG. 2. Contour plots of BR¢—evy) in the my—

m,, plane: Panel$a), (c), (d), and(f) show the contours of the branching ratio for

tanB=5, 15, 25, and 50 respectively, wigh>0. Panelgb) and(e) show the contours with tg8=10 and 35 respectively witp<0. In
all cases the shaded region corresponds to the approximate combined WMAP and laboratory constraints.
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x 10 4 will effectively rule out this model class if LFV is APPENDIX

not seen. Interestingly, if LFV is seen at MEG, this model | this section, we establish our notation and clarify some

will suggest that tag is low based on flavor bounds alone. f the calculational details. We include the full one-loop am-
plitude for the rateu— ey with generalized complex mixing

IV. CONCLUSIONS matrices using the conventions that we detail below. It is

The AB model clas§11-13, based on a U(1)Z,X Z, highly probable that practitioners in the field are aware of the

fl . hiahl ful and dictive G _I_generalized rate expression, but to our knowledge it has not
avor symmetry, is a highly successful and predictive GUTpeen explicitly stated in the literature. Formulas similar to

scenario. This model class has the ability to accommodate ajf, e given here can be found in REZS].

the observed neutrino phenomena and reproduce the low en- e “express the supersymmetric Lagrangian using the

ergy physics of the standard model. If it is assumed thafwo—component Wey! formalisnl.@=(L%,L%,L2)T denotes

. . .. . 2
supersymmetry is broken via minimal supergravity 5 column vector in generation space containing th&2sU

(MSUGRA and that the GUT breaks directly to the y,piet lepton chiral superfields; 1,2,3 are generation labels,
CMSSM, the AB model class is highly restrictive and hence nda=1,2 are the S(?) indices.E=(E, ,E,,E5) denotes a

allows for a precise determination for the rate of chargecf

| f olati iUl ined th ow vector in generation space containing (3JUsinglet
epton flavor violation. In particular, we examined the pro- .p,.464 |epton superfields. The gauge singlet neutrino chiral

cessu—ey, since at the present time this flavor violating superfields are denoted By=(N;,N,,N5). Similarly, for
muon decay channel gives the strongest constraints on ﬂav?rqe quark superfield©“= (Q%,Q%,Q%)T denotes the S(2)
changing neutral currents in the lepton sector. doublet, Q= U= (U, .U U )Tl’ inzgz(d d,.d9)": and
As thg V}/MAP satellite datd22] and laboratory direct the SL{é) singlet q ula'1rk2 ’suspe’rfiel ds atd— (lL’J 12iJ23 U’g) D
searcheg31] have already severely restricted the available . T
=(D;,D,,D3). Hy, H{ are the SW2) Higgs doublet super-

CMSSM parameter space, tle—ey flavor bounds allow a . i . ]
strong test of the AB model class. We find that given the'©/0S Of 0pposite hypercharge with the standard components:
Hi "=Hg, Hg “=Hgq,H{ "=H_, H{ “=H. The cor-

current bound$26] on u—ey, BR(u—ey)<1.2x10 1, _ ) _

the AB model class favors low to moderate f&ui.e., <20) responding scalar CPmanSmSPf 1he~su8erf|eﬂds gre~wr|tten,
with 2>0: however, there is a small region that is not ex-fespectively, at ¢, L'=», L?>=e; E; N; Q% Q'=u, Q°
cluded for tanB=35 with the sign ofu negative. If MEG at =d; D; U (all are vectors in generation spac&he fermi-

PSI [27] does not detect a positive LFV signal, BR( onic components of the Higgs superfield, the Higgsinos, are
—ey)s5x10" 14, the AB model class will be effectively denoted ag’qg’ HS The Superpotentia[\/ is given by

ruled out, given our conservative assumptions concerning
GUT and supersymmetry breaking. It remains an open ques-
tion as to whether or not other supersymmetry and/or GUT
breaking schemes within the AB model class will be able to
avoid these flavor violating bounds. +€,5HGDY QP+ €, sHIUY QP + e sHGHE

(A1)

where Yg, Yy, Yp, Yy are Yukawa matricesMy is the
We would like to thank Bruce A. Campbell for helpful singlet Majorana neutrino mass matrix, is the Higgs pa-
discussions and comments. D.M. acknowledges the supporameter that breaks the(l) Peccei-Quinn symmetry, and the
of the Natural Sciences and Engineering Research Council abtally antisymmetric symbol is define¢,= +1. The soft
Canada and E.J. the support of the Alberta Ingenuity Fundsupersymmetry breaking Lagrangian is

1
W= €aBHgEYEL’B+ EaBHﬁNYNLB"F ENM NN
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1

+| —begHGHE - 5

NBRN+c.C.| +(— €,HIEALL P — €, sHINAWLA +c.c) + (— €,5HEDALQ?

- 1 .. 1 1
—€,5HIUA QP +c.c) + —EMlBB—EM2WaWa—§MngGb+c.c. , (A2)

where B denotes the electroweak(l) gaugino field;W?, mﬁd, mﬁu, b, M1, M,, M5 are the supersymmetry breaking

a=1,2,3, denote the electroweak &)Jgaugino fieldsGP, parameters, and at the GUT scale:

b=1,...,8, denote the strong interaction, 8), gaugino

fields: 2 2 2 2 2 2 mgzmgzmgzmgzmgzmg=m2.| (A3)
lelds;m;, mz, my, mg, mz, mg, B,, Ag, Ay, Ap, Ay, L~ M= M=M= Mp=Mg= o1,
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(A4) Not all of the bi-unitary rotation matrices can be absorbed
away through the field redefinitions as the left-handed neu-
trinos become massive below the see-saw scale and after
electroweak symmetry breaking.

ma,= Mg, =mg,
Ae=An=Ap=Ay=0, (A5)

Mi=My=M3z=my, (AB)
wherem, andm;;, denote the universal scalar mass and the Neutralinos
universal gaugino mass, respectivelyi§ the 3x 3 unit ma- The neutralinog?, X2, X3, xJ are mass eigenstates of the
trix). After running the CMSSM renormalization group equa- neytral gaugino®, W3 and neutral Higgsinosl, HO. The
tions [28-30, we rotate all the Yukawa couplings to a diag- neytralino mass Lagrangian is given by
onal basis, and in particular the lepton sector,

: B
Ye— UL Y VL= diagonal, (A7)
e
m%HVEm%VT, (A8) £=—(B W3 H]H)M,, co +c.c., (Al1)
d
m2—UEmiUL, (A9) HO
Ae—UEAEVL. (A10)  where
|
M 0 —mycospBsindy  mzsinBsin by
0 M, MzCOSB COShy  —MzSinB CoSbyy
M pe= . . (A12)
—mgzcosBsinfy  mMzCoSB coshy 0 —
my,sin@Bsinfy  —mySinB cosby, —u 0
|
An orthonormal rotation leads to the mass eigenstates:  where
X1 B G WLF W2 AL7)
| |w 2
~o | =Onel o | (A13)
X3 d and the mass matrix is
~0 ~
H
X ! M, J2my,cosp
where O is a real, orthogonal matrix. The mass matrix c~ J2mysin g u (A18)
(A12) can therefore be decomposed in terms of real mass
eigenvaluesM3o, a=1,2,3,4, (my is the W-boson mass The mass eigenstates are given
by
—_NT A ~ ~ ~ ~
M pe= O, diad ng M e M X M Xg)One, (A14) _ - -, .
) X1 w X1 w
and(Al1) can be rewritten as ~ =0 ~_ |, |~,]|7Or|~.,| (AL19
X2 Hy X2 Hy
1 4
L=— > > M>ox2x2. (A15)  whereOg andO, are real orthogonal matrices, and they can
a=1 7@ be chosen so that the mass eigenvalMes, M~ - are posi-
q’? X2
tive, and
Charginos
. . — AT - -
The charginos are mass eigenstates of the charge®) SU Mc=Ogdiag M3~ M3-)O, . (A20)
gauginos and charged Higgsinos,
- Equation(A16) can be written as
G-
L=—(W" H)OM¢| -~ |+cec, A16 ~ oy~ ~ g
( u)Mc ; ) (A16) L:—M}IXIXl—M}Z—X;XZ +c.c. (A21)
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Sleptons

3

_ 2=y~
Masses of the charged sleptons are given by the Lagrang- L= _bz1 M NG Mo (A32)
ian
—~ o~ o~ ey e = o~ with the mass eigenstates defined by
L£=—"¢'m? e—e'miET—Em3 e—Em3E" (A22)

. . ny vy
with the mass matrices ~ _
np | = U?] Va2 | (A33)
1 ~ ~
mZ, =m?+m?Z+mZcos 28( sirf 6y, — E) 1, (A23) N3 V3
5 and Uy is a complex unitary matrix satisfying
Mag= M7+ Mz —mZcos 28 sir by, 1, (A24) . .
M-==U-diag mﬁl mﬁz mﬁ3)Uﬁ. (A34)
2 ang+ 220 A (A25)
mg, = —pumtanf+ ———
RLT —pmitans NA E Lepton flavor violating interactions
The interactions leading to the lepton flavor violating pro-
where ) . SO
cess |j—lj+y involve two effective Lagrangians:
m=diagm, m, m.), (A26) neutralino-lepton-slepton and chargino-lepton-sneutrino.
oz s Written in the mass eigenbasis they are
andm,l, m;,, m,, are electron, muon, and tau masses, respec- 4 6
tively. The above Lagrangian written in terms of mass eigen- L= 2,1 azl bzl NL foExo+ N T e x+c.c.
statesf, . .. ,fg (Six complex scalar fieldss (A35)
6
c=-3 mTE, (A27) and
b=1 b 3 2 3
with /32241 ;::1 b§=:1 CianvbEixa T CRbh€ixa +C.C.
~ ~ A36
fq e, (A36)
7, 3 where
s ey L 92 ( *
~ | =U5l < , A28 Niap=— —=| 2 tanfw(U7) i +3)(Oneat
f4 f Ei‘ ( ) ia \/E (i+3) ne/a
T B ™z (o A37
7, £ +m( P)bi(Onelas | » (A37)

and Us is a complex unitary matrix defined by g2

NiF;lb: E ( tanaw( Uf);i(one)al'*' (U?);i(one)az

m mal
T s, e U
Mg, MgiR 1 2 3 4 5 6 mli %
(A29) _W(Uf)b(ws)(one)as , (A38)

Similarly, the light sneutrinogthe heavy singlet sneutrinos 4
are ignored since they have decoupled well above the Weai

scale g,
. o CL =————(0O))a(Un)E, A39
L=— TM;V, (A30) iab \/EmWCOSG( L)az( n)b| ( )
where CRp=—02(OR)ar(Un)i; (A40)
1 The on-shell amplitude fol;—1;+ y can be written in the
2_ 2, -2 p i iTY
M>=mz+ 5 m5cos 283- 1. (A31) general form

The sneutrino mass Lagrangian written in terms of mass ~ M=ee), i(p—q)[(im|ja“VqV(ALL+ARR)]Ij(p);
eigenstates;, n,, N, (three complex scalar fielfiseads (A41)
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here we have used Dirac spindyép—q) andl;(p) for the

charged leptons andj with momentap—q andp, respec-
tively; L=(1—y°)/2 and R=(1+ v°)/2. Each of the dipole
coefficients A_. and Ar have contributions from the

neutralino-lepton-slepton and the chargino-lepton-sneutrin

interaction, namely,
A=A"+A, (A42)
Ag=A+ AL (A43)

whereA("”, AL A(® AL) can be evaluated from the Feyn-
man diagrams in Fig. 1;

1 &8 M;Z(o
A(n): NL NL* J a
L 3042 agl bgl f2 iabNjapJ1 _mTz
b b
IM70| Mio
L R a a
FNiaoNjan T =92 Tz (A44)
|j rn|~
b
2
A= — ﬁ i I PORPTR T
: PRI M iab“jabY3 5
Vb Vb
M- - M;Z(,
+ClanCib T sl 2 | | (A45)

PHYSICAL REVIEW D 70, 035004 (2004
AD =AY g, (A46)

AO=AO)| _q. (A47)

ci‘he functionsJ(x), J»(x), J3(X), J4(X) are defined as

1—6x+3x2+2x3—6x4n x

Ji(x)= : A48
1(X) 61— (A48)
1,00 1-x%+2xInx (A49)
X)=—""—""
’ (1-x)°
14%) 2+ 3x—6x24+x3+6xInx
X)= ,
° 6(1—x)*
(A50)
1400 —3+4x—x%2+2Inx (A51)
X)=
) (1-%)°
Finally, the decay rate far —I; + y is given by
N e 2 2
Ut +7)=Emlj(|AL| +|Arl?),  (A52)

andi=1, j=2 for u—e+y.
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