PHYSICAL REVIEW D, VOLUME 60, 035003

Lepton flavor violation in string-inspired models
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Lepton flavor violation has been proposed as a significant test of supersymmetric unification. Here we show
that such signals are also a generic feature of supersymmetric string unified models in which there is no simple
unified gauge group. In realistic models of this kind which involve third family Yukawa unification and large
values of ta, there are generally heavy right-handethgle) neutrinos of intermediate madsg,, whose
couplings violate lepton flavor. To illustrate these effects we calculate the ratasf@+ y and7— u+ 7y in
the minimal supersymmetric SU(&)SU(2), ® SU(2)g model. Including only the minimum irreducible con-
tributions, we find that both rates are enhanced relative to similar models with I8y with 7— w+y
providing a decisive test of such models in the near fui88556-282199)03213-0

PACS numbsgs): 12.60.Jv

[. INTRODUCTION wherem is the electron mass matrix,is the unit matrix,
and mg,, A are universal soft parameters. Clearly each
Recently there has been much interest in lepton flavoBx 3 block of the slepton mass matrix becomes diagonal in
violation (LFV) as a probe of physics beyond the standarcthe basis in which the electron mass matrix is diagonal,
model triggered by the observation of Barbieri and H&al2]  which implies no LFV. Any violation of universality will
that processes such as—e+y might be very good low |ead to off-diagonal elements in the<® blocks of the slep-
energy signals of supersymmetriSUSY) grand unified oy matrix in the charged lepton mass basis, which implies
theories(GUTS). In the standard mod€EM) separate lepton | fv. |n the minimal supersymmetric standard model

numbersLe,L, L. are exactly conserved, which explains (\1gs) this result is preserved even in the presence of ra-
the absence of LFV to remarkable accurétye present limit oo corrections. This is because the renormalization

. . . . l
on thg branching rgno fop—e+y IS approachmg 10). group (RG) equations do not generate any off-diagonal ele-
Even if small neutrino masses are introduced into the s;tar}n

S ents for slepton masses in a basis in which the charged
dard model, thereby violating separate lepton numbers, th . : . .
. . . . épton Yukawa couplings are diagonal. Clearly if the univer-
effect onu— e+ y is very small, since the amplitude is pro-

portional toAm% M4 multiplied by suitable mixing angles, sality assumption is relaxed then arbitrarily large LFV is

here AmZ is the diff i th d f1 possible in the MSSM. The observation of Barbieri and Hall
wheream, IS the diterence in the squared masses ot Wog y4; with SUSY GUTSs LFV is unavoidable, even with the
neutrino species, anil,, is the W boson mass. The intro-

duction of SUSY allows the possibility of larger contribu- assumption of universality. Part of the reason 1s that in
. . : GUTSs, quarks and leptons share a common multiplet so that
tions to such processes since the soft SUSY breaking mass Se lenton sector is contaminated by the flavor violatin
and couplings may violate separate lepton numbers by aer— kp With tSUISY h ! ffoct )t/h h v Vlt ' ?d
trarily large amounts. This means that in SUSY there are jrfluarks. Withou such an etiect, though present, wou
general additional diagrams which have in principle largeP€ 9enerally very weak as it scales with an inverse power of
contributions to LFV processé8]. the scale of the unification scalég,r. However in the pres-

One way to avoid conflict with the experimental limits €nce of SUSY the RG running of the slepton masses between

is to invoke some supergravigBUGRA) theory[4] which ~ Mp and Mgyr causes the LFV to be imprinted onto the

leads to universal soft parameters at the Planck ddal¢5].  slepton masses, which are no longer diagonal in the basis in

In the absence of radiative corrections the slepton mass mavhich the leptons are diagonal. Below the GUT scale the

trix in the basise.e®" would look similar to MSSM RGEs then ensure that the LFV effect is preserved
down to the TeV scale where it may lead to sizeable contri-
butions to physical processes.

mime+mé,l miat Although LFV can be interpreted as a signal of SUSY
€ R (1) GUTs such as S(), SQ10) [1,2] similar effects can be
Ame MeMe + M)l achieved without the presence of a GUT gauge group, even

assuming strictly universal soft parametersviag. For ex-
ample, simply adding a right-handed neutrino to the MSSM
*On leave of absence from the Department of Physics and AstMSSM+v) [6] will generate LFV effects due to the fact that
tronomy, University of Southampton, Southampton, S017 1BJneutrino (Dirac) Yukawa couplings are not diagonal in the
U.K. basis in which the charged lepton Yukawa couplings are di-
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agonal. In the charged lepton mass basis the nondiagondbminant contribution tu—e+ y and 7— w+ 7y . The off-
neutrino Yukawa matrix will generate off-diagonal sleptondiagonal sneutrino masses, which are responsible for LFV,
masses due to the RG running of the slepton mass matriseceive contributions from the RGE evolution in the high
betweenMp and the scalévl,, whereM, is the Majorana energy region between the Planck scale and the right-handed
mass scale of the right-handed neutrinos. This will result imeutrino mass scale. In the minimal supersymmetric SU(4)
low energy LFV effects rather similar to those in SUSY ® SU(2)_® SU(2)z model, with realistic masses and mixing
GUTs, but without any underlying GUT gauge group. How- angles, we find that generally the rates are enhanced relative
ever the MSSM-v theory is rather unconstrained comparedto the low taB case due to increased 1-2 and 2—3 family
to SUSY GUTSs, and it is of interest to see if similar effects mixing effects. In particular we find that the predicted rate
could occur in other better motivated, but non-GUT modelsfor 7— u+ vy is competitive with the current experimental
In particular we have in mind string-inspired models whichlimit.
do not involve a simple gauge group, but where the gauge The organization of the rest of the paper is as follows. In
couplings are unified at the string scale. Sec. Il we review the minimal 422 model. In Sec. Il we

In this paper we shall focus on a particular recently pro-describe in detail how the model was implemented giving
posed string-inspired model, the minimal supersymmetrigarticular emphasis to boundary conditions of the RGEs.
SU(4)®SU(2),® SU(2); model [7] (see also Refd.8,9]).  Section IV is devoted to a detailed analysis of the one-loop
In this model, quarks and leptons are unified into commordecayu—e+y and7— u+ vy . Section V contains our con-
multiplets, but there is no simple GUT gauge group. Insteaclusions.
the gauge couplings are unified with gravity at the string
scale. In the minimal versiof¥] the only source of LFV in
the 422 model is via the right-handed neutrino couplings, as
in the MSSM+» model. However, unlike the MSS¥v Above M, the scale at which the three gauge couplings
model, the minimal 422 model is much more highly con-meet® we have adopted the following unified gauge group
strained. For example in minimal 422 there is completd8]:
Yukawa unification for the third family top, bottom, tau and
tau-neutrino Yukawa couplings, which automatically leads to
the prediction of a large ratio of Higgs vacuum expectation Gy=SU(4)®SU(2) @ SU(2)y. 2)
values(VEVs) with tang in the range 30—6010] which lies
beyond the scope of the results presented in R&f. As

discussed in Ref.11] the large ta region involves some jgre e briefly summarize the parts that are relevant for our

new effects which were neglected in previous treatmentsanawsi& For a more complete discussion see F2&f.The

amljt ‘i’ge V\i/aor r?chcicr)erauplz;?ir:gctlﬁgern?rl:ir;?;?\é?r?:lge?r?scgfrgcierseU(4) left-handed quarks and leptons are accommodated in the fol-
. _ C__ H .

®SU(2), ® SU(2)z model to S@10), which also may have lowing F=(4,2,1), F*=(4,1,2) representations:

Yukawa unification. In SQ.0) color triplets with couplings

to fermions are inevitably present in the effective theory be-

neathMp. Indeed in SW5) this is the primary source of

LFV. But in minimal 422 such color triplets, although ge- F=| 4 4o qo

nerically present, do not couple to fermions, and play no role

in LFV.! In general it is easy to introduce new sources of i

LFV, for example via LFV soft mass terms which for ex- 3

ample may be controlled by additional U¢lgauged family

symmetried 12]. Our approach here is to consider tnéni- o o )

mum irreducibl@ amount of LFV associated with this class Wherei,j=1...3 arefamily indices. The MSSM Higgs

of model. Such an approach allows unavoidable constraintéelds are contained ih=(1,2,2):

to be placed on the model from the experimental limits on

Il. THE MODEL

bys d° d° d

r
u u g

, Ff= c c cl| ,
e i ur Uy Uug v

LFV.
Concerning our results, we find that the diagrams involv- Ho Hqg
ing sneutrinos and charginos in the loop are found to give the h= o (4)
H, Hg

Yin a nonminimal 422 model this source of flavor violation could whereas the heavy Higgs bosons$=(4,1,2) and H®
be included at the cost of introducing eighteen unconstrained new_ (Zl?) are denoted:

parameters.

2lt is possible that, by adding other sources of LFV, we couldend_______
up with a smaller LFV rate. Although this would be unlikely in
general, it is nevertheless possible. The tenmimum irreducible 3Note that with this definition ofM_,; we have M =MgyT
therefore strictly refers to the mechanism rather than the rate itself-2x 10'® GeV even though we are not considering a unified
and should be understood in this sense. simple group.
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H H H H Vertical splittings within a particular family are accounted
an > Fldg He for by group theoretical Clebsch factof$5]. A detailed
analysis of this approach for the 422 model can be found in
Ref. [18]. The nonrenormalizable operators involving the
Hue Hyg Hu; Hoe right-handed neutrino result in Majorana masses of the form
H¢= Hee Hge Hge Hu |- (5  1/2M,1°v°, where M,~M3/Mp, which enables right-
r b © handed neutrinos to decouple at the sddlg, leading to a
Gell-Mann—Ramond-Slansky seesaw mechanism.
The D field does not develop a VEV but the terid$i1D
andH®H®D combine the color triplets parts ¢f, H® andD
into acceptable GUT scale mass terf@§ We note that the
422 symmetry also allows the couplings

(Hur Hype Hyo Hy) cessful predictions can be made for some SM parameters.
H: 1

In addition to the Higgs fields in Eq$4) and(5) the model
also involves an SU4) sextet fieldD=(6,1,1)=(D3,D%).
The superpotential of the minimal 422 model[

W= k(H°H—M3)+\h?]+\yDHH + X\ c<DHH®
P

FFD—QQD;+QLDS, ©)
Cc C (HCH)n (O =i
e s+ N FAR e+ e FAFS s FeFD —u°d°D§+ u%eD 3+ d°v°Dy,
P
(10

(6)
which obviously would generate additional LFV signals.
where S denotes a gauge singlet superfield, the parametetdowever these may be forbidden by a global R-symmetry

x,\ are taken to be real and positive, ahtl denotes the [7]. Their exclusion here is in keeping with the general phi-
unique bilinear invariant éijh(l)h](2) Also, Mp(=2.4 losophy of the approach which is to consider the minimum
i : , .

% 10'® GeV) denotes the “reduced” Planck mass. As a re-amount of irremovable LFV in the model, so that LFV be-

sult of the superpotential terms involving the singithe ~ COMes an unavoidable signal of the model.
Higgs fields develop VEVs{H)=(H,)~M and (H°®)
=(H,c)~My, which lead to the symmetry breaking Ill. PROCEDURE

In this section we describe how the 422 model was imple-
SU(4)®@SU(2) ® SYU(2)g—SU(3):®@SU(2) ®U(1)y. mented. We considered three fundamental scalésysy
(@) which was assumed to equal the top quark mads,
=2.0x10' GeV the scale of coupling unification aldp
The singletS itself also naturally develops a small VEV of =2.4x10'® GeV. An additional scalM , describing the en-
order the SUSY breaking scdl€é] so that thexStermin Eq.  ergy at which the right-handed neutrinos decouple via see-
(6) gives an effectivew parameter of the correct order of saw mechanism was introduced. Cosmological constraints
magnitude. Under Eq7) the Higgs fieldh in Eq. (4) splits  require 18° Gev=M <M [19]. Experimentally viable
into the familiar MSSM doubletsl,, and Hy whose neutral boundary conditions were imposed at each fundamental scale
components subsequently develop weak scale VEMs and we used one-loop matrix RGE0] to relate parameters
=(v,) and H8=<vd> with tan8=v,/vq. at different energiegparticle threshold effects were ignojed
This model has Yukawa unification for the third family ~We now turn to describe the algorithm of the program.
[13,14] which leads to a large top massg,,>165 GeV and Since we want to achie_ve thlrd.famlly Yukawa unification
tanB~ M/ Mpowom- First and second family Yukawa cou- (3FYU) at My [21], which crucially depends on the un-
plings are effectively generated by nonrenormalizable operéknown low energy values afy,,, m, =v A, and ta an
tors which are suppressed by powers of a heavy digle iterative procedure is needed. Initial estimates for these pa-
>My . In the 422 model, these operators can be constructedmeters are guessed and, along with gauge couplings and all
from different theoretical group contractions of the fields Yukawa matrices, are run, first from their definition values to
such aq15,16 M susy=Myop @and afterwards frolM gysyto My . At My the
guesses are tested to see if they actually lead to 3FYU. This
is unlikely to happen in the first attempt therefore we induce
+H.c. (8) slight changes in our initial guesses and repeat the above
process again. After a few iterations it starts to be obvious
that some guesses are more successful than others. These are
The idea is that when the heavy Higgs bosons develop theBubjected to further pertubative analysis allowing more pre-
large VEVs such operators reduce to effective Yukawa coucise GUT unification. This recursive approach is repeated
plings of the formF°\F with a small M3/M3) coefficient. ~many times until the condition;=A,=\, =\, is verified
Assuming a(well motivated texture[17] for the Yukawa to a satisfactory accuradyypically 1%). At this point some
matrix atM and suitably choosing a set of operators, succomments are worth making. The running of masses to

H Cc
O‘,:Ff:)\..F.h(_
ij AT M}ZD
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FIG. 1. Dependence of the third family unified Yukawa cou-
pling N, at the unificationM, (solid) and PlanckMp (dashed (14)
energy with the right-handed neutrino decoupling sdalefor two
values of as. The two upper(lower) lines correspond toas  \ye priefly explain their form. The zeros in positions (1,3),
=0.118 {¢5=0.115). (3,1) are motivated by correspondingly small entries on the

quark Cabibbo-Kobayashi-MaskawdKM) matrix. The

Mgysy Was done using the standard model RG&ise-loop ~ Z€ro in (2,3) only effects the right-handed mixing matrix
QED, three-loop QC22]) and it is necessary as it provides _(because of high family hierarchythus it is convenient as it

important mass corrections especially for light quarks. Aftedmproves predictability. Two operators were needed in the
the whole iterative process is complete we are left with pre{2,2) Position because of particular high charm-muon split-

B H Ad
dictions for our guesses based on the assumption of 3FYU!NY [118]' The operatofY™ generates/,3~Vsp, while Y
To have an idea, for the input,=0.115, m,=4.25 GeV, and Y generateV,,~V,; and first family massesThe co-
M,=M, we obtained the following valuesm efficients on different matrices associated with the same op-
v top

~175 GeV, m, ~122 GeV and ta@~56. The depen- eratorY are the Clebsch 422 factors mentioned in Sec. I_I.
U . Solutions for theY's were numerically searched for the input:

dence onM, is mostly felt bymyT which can decrease to Va3, Meparm: M, and Vy,, my,, me, which enabled three

115 GeV wherM ,~10"? GeV. The variations withrg and  quantities to be predicted/;3, Myoun: Mgirange(SEE Appen-

m, are considerable and well documenfé&8]. We note that dix D for results. Notice that this model predicts the experi-

it is important to watch for the magnitude of the third family mentally unavailable Dirac neutrino masses, m, . m,

of the Yukawa couplings a1 because they are very sen- and the lepton Dirac CKM matriy/“. The prediction of

sitive to ag andM ,,, therefore can easily acquire values out-physical neutrino masses and mixing angles relies on the

side the range allowed in perturbative regiffég. 1). knowledge of the right-handed neutrino Majorana mass ma-
At M, we must match all the Yukawa matrix couplings trix M, . Following Ref.[10] we shall assume thadl , is

to the ones which can be obtained from nonrenormalizabl@roportional to the unit matrix. This rathed hocassump-

operators such as E¢8). These new Yukawa matrices are tion at least has the virtue that it leads to the result that the

not unique. However they are constrained by the fact thafnodulus of the leptonic CKM matrix elements are equal to

they must predict the sanfknown) physics as the ones they those calculated just from the Dirac neutrino mass ja

replace, i.e., both must have identical eigenvalues and quatk &S0 means that the physical neutrino masses are deter-

mixing angles(for the sake of simplicity we did not consider Mined by a single mass parameter which we continue to

CP violating phasg Several forms of these Yukawa matri- 9€n0te byM,,, where this parameter henceforth refers to the

ces were extensively studied in Refd8,10 for the 422 overall factor multiplying the unit Majorana matrix rather

model. Here we will only consider the following particular

one?

SActually, since the 1=2) Y* operator has a vanishing Clebsch
for the up-type fermions, we are forced to introduce a furth&r3
operator in the(1,2) position, if we want to avoid a massless up

“Other choices would lead to same order of magnitude results. quark.
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than the matrix itself. With a suitable choice ®f, this  symmetry breaking the neutral Higgt) ,H3 acquire VEVs
simple assumption leads to a physical muon-neutrino ang ,,v therefore the Higgs potential becomes
electron-neutrino mass spectrum suitable for the MSW solu-
tion to the solar neutrino problem, with a tau-neutrino in the  W(Hy,Hg)—W(v,,v4) + (physical Higgs interactions
correct range for hot dark matter, and with muon-tau neu- 17
trino oscillations in the observable range of the CHORUS _
experiment[10]. If this assumption is relaxed one would ~ W(vy,vg)=(u?+ mﬁu)vﬁ+(,u2+ mﬁd)vﬁ—z,uzvuvd
generally expect qualitatively similar effects both in the neu-
trino spectrum, and in the physics of LFV considered here. +18(g'2+9%) (vi—v5)> (18
After having set experimentally viable Yukawa matrices - ) )
atM,, according to the above boundary conditions, we usedn order to recover the traditional interpretation of the VEVs,
422 RGEgsee Appendix Bto run them toMp . In this high ~ they must satisfy
energy region we treated the theory described in Sec. Il in N ) N )
the following effective way. To begin with, we regarded the 0wl 0wVl
nonrenormalizable operators as vyielding four effective vy
Yukawa matrices, whose RG evolution is described by stan-
dard RGEs appropriate to the larger gauge group SU(4
®SU(2),®SU(2)z. The terms involving the singleS
which give rise to an effectivee parameter below the scale
My, were regarded as an effectiye parameter above this
scale similar to the MSSM. Finally we allowed exfbaand
other superfields to be present above the sighlan order to

keep the one-loop beta functions of the SU$HU(2), .
; d» Ne» N, These matrices are not equal but related to each
®SU(2)r gauge group equal above this scale, and so aIIO\%ther by different Clebsch factors. Sinag#\, one is in-

string gauge unification a¥p [15]. Since such additional ) P " .
superfields do not couple to the quark and lepton superfieldgOdUCIng a CKM-like mixing matrix on the lepton sector

their presence will have no effect on the LFV predictions atWhICh gets imprinted onto the left-handed slepton mass ma-

the one-loop level, apart from the indirect effect via thetnces due to the RG. running betw:_amb andM, (bEIOV.V the
gauge couplings. scaleM , the terms involving the right-handed neutrinos are

dropped from the RGEBslt is clear that, for example in a

At Mp boundary conditions were chosen to reduce thebasis in which the charged lepton mathy is diagonal the
most number of independent parametdvg=M com- . . . . .
P b o 12 ( neutrino matrix A, will be nondiagonal, leading to off-

mon gaugino massgs mizzmau,d:mg (universal  soft diagonal contributions to the left-handed slepton masses of
massep \;=A\; (proportional soft Yukawa matriceswith  the form
this choice we kept sources of LFymass splittings and

CKM entrieg at a minimum. A departure from the latter two
conditions would introduce right from the start LFV signals
therefore the results can be interpreted as the irreducible

minimum amount of LFV arising from this model. It is interesting to note that in §8) LFV develops dif-

The next obvious step was to run all the above parametefgrently. In this model, there is no right-handed neutrino,
again down toMsysy, dropping terms from the RGEs in- however, LFV does arise from the presence of Higgs color
volving right-handed neutrinos and sneutrinos beMy. At triplets which mediate tree level lepto-quark interactions,
the low energy SUSY scale we were finally able to set theyhich again leads to off-diagonal slepton masses due to RG
superpotential Higgs parametgr® and soft Higgs boson running betweerMp and M. SQ(10) is an example in
massu?. These were the last parameters to be defined bewhich both the mentioned LFV processes are adi@1].
cause they obey the following two conditions:

v 0, (19

hich after simple algebraic manipulation leads to E45),
16), except for the obvious replacement of ,vy by the
more convenient set t@m;. From Eq.(15) we see thaj
is determined up to a sign, however we found that for large
tang this arbitrariness was not relevant.

The physical origin of LFV in this model is now clear.
The Yukawa coupling matrices are effectively split intg,

IN(Mp/M,)

- maA I+ (20)

~2
AmL'\"_

IV. THE PROCESSES p—e+y AND 7—p+ 7y

2 2
mi, mHutanz,B A. Formalism

pl=——— —1/2m2, (15) _ _ _
tar’B—1 The effective Lagrangian and branch ratio for the decay
u—e+y are given by
~2_ 2 2 2\ ai _
we= 1AM+ M+ 2p7)sin2B, (18 £=11204(p~ D) {ArPr+ALPLIG™U,(P) Fup, (21
which depend on the low-energy values ruf|u and mﬁd B8R 1277 A2l 2 -
until now unknown. The above equations simply describe (n—ety)= G'émi(| RITHIALD. 22

how the Higgs boson VEVs are related to tf@assica)
renormalized Higgs potential parameters. To see how thein their most general form, the one-loop amplitudés
came about we recall that after SURY(1)y— U(1)gep =3Ag, AL=2A are given by a sum of many ternm6]
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most of which of negligible importance. For the sake of sim-

plicity we consider only the dominant contributions:

e X

A= 1677 75 OleAUluaudon, @3
An.= — oy (O on( D! Hapn+H
R2_ 16’7T2 2( LL)eA( LL)A/,L( 32A 31A)
- 2§(DIFIL) A(OlRL)A (Haza+Hzm)
e Y73 y
167< 2 (24)
€ =ity m
AR3:_W[(ULL)9A(ULR)A;LH11A
+(ORDeaUrplauH1ik], (25
e Sty ol
AL =162 XL (ULR)eaA(ULR)auH 314
+(URR)ea(UkR)auH 3], (26)
A =— © 0t AUl H
L= W[( trRleaA(UL ) aH11a
+(URR ea(UkD A H11], (27)

here written in a notation, which we now explain. In all
expressions summation over the family index1 ...3 is
to be understoodA=A+3). The factorx=m,, /(cogBmy)
and the matrice§) and the other factors occurring in these
expressions are defined in Appendix C.

We now discuss the phenomenology of E(&3)—(27).
The amplitudeA, <Ag because in the 422 model LFVs as-

sociated witrf‘hiC are negligible compared with the ones due

A3 ~ . we B Hj ~ e WO B
d (UiL)A,L (011 )ae ! d (U:ZL)A}L (TR ae !
> ZEILIED St SLPGLLED S
18 fie la, €L € 2 38 Lag €L e
N, N,

Sy Sy

(Tlr)ay (Tia (Oke)ap (TR Ae

Cad Cad R Lol

noofin T & e poofir T, & e

FIG. 2. Dominant supersymmetric diagrams involved in the
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FIG. 3. Dependence of{EL)eM with the universal Planck scalar
massm, for several values of the gaugin®d(,,) mass.

to ﬁf. Thus we will keep our attention oRg, AR, andAR3

which are associated with the diagrams in Fig. 2.
In these, a cross over slept@iotted line is introduced to

remind us of aJU product dependence. Similarly, the blob
over the chargindg (neutralinoAg, ) line stands foS“T®

(SSY) dependence. As an example, the explicit behavior for
the dominant LFV angle is shown in Fig. 3. We stress that,
though it is tempting to make a direct analogy with the per-
turbative mass insertion method valid when gais small,

1.0 T T T T T T T T T

05 - ST T e

00 -

—40F =2 M, =300 GeV

—45 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

my/GeV

FIG. 4. Dependence of dominant amplitud%@i with my. The
chargino contributionARl is substantially bigger than the neutralino

—e+y decay. The first, second and third row correspond to thédecauseig, andAg_ are independently small and they also appear

amplitudesARl, Ag, andAR3 given by Eqs(23)—(25) respectively.

to cancel.
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FIG. 5. Lepton flavor violation is mainly driven by the splitting

) - . FIG. 7. Spectrum of charged sleptoh$or a range ofm, and a
of masses between the first two families as givem\hy.

selected value of gaugino mdels,. Mixing between left and right

) ) staus is shown as a deviation of the solid line from the dotted one.
such comparison must be taken with great care. In models

with large tag8 and modest soft mass terms, the light super2NdAg_ in more detail. These are shown in Fig. 4 to be of
symmetric statesy, 7, mix efficiently through §@|%).., the same order of magnitude. The amplitudlg, accounts
12 ; ; . ; for LFV developed in the left-handed sector. Two sources
(M), enhanced entries. Even if LFV is initially contained = " o Covitied The first line of Eq24) describes LFV
in the left-left charged slepton sectdt| , diagonalization  ontained in the left-handed sector itself. The other contribu-
of the full 6X6 mass matrixv'? forcesU'LR, U'LR andU'RR tion, the second line in Eq24), is generally significantly
to develop non-negligible LFV signals. Figure 2 shouldsmaller. Its origin is associated with the fact that due to sub-
therefore not be taken as an accurate description of the congtantial stau mixing, some of the LFV originally MLZL has,
plicated physics involved but as a symbolic way of identify- after diagonalization, “leaked” to the right-handed sector.
ing the supersymmetric states that are present in each contffhis signal can only be recovered if two “chirality” flipping
bution toAg. Uk, matrices are introduced. The amplitudg_ accounts
. . . 3

We start by considering the neutralino amplltud@,sz for LFV that is associated with mixing of charged sleptons of
different “chirality.” These mixings can occur either in the
left-right or right-left variety corresponding to the two terms
in Eq. (25).

The chargino contribution is given byARl. Figure 4
shows that this amplitude is the most significantAtg and
therefore to the decayg—e+ vy and r— u+ 7. Its domi-
nance over the neutralino contributions can be traced to the
function J,1, in Eq. (23).° When tarB is largeJ,;, approxi-
mately scales witlS,~M f,~mys,. On the other hand, the
Hpga functions in Eq.(24) are comparatively suppressed
since they scale as,Cgz. The amplitudeAg,, while not

suppressed by the diagonhl;, entries, cannot compete
with Ar because of small “chirality” flippingU, &, Uk,
matrices.

Taking the above comments in mind, we analyze in more

L0 /m detail the behavior ofAg itself. Defining A=const<Ag,
1000 =A1,+ Ay (Ja=Jya and using approximate unitarity of

0.0 1 1 1 1 1 1 1 1 1 UFLIL) gives
0 100 200 300 400 500 600 700 800 900 1000

mo/GeV

6.0

50 -

40

(Je — Jp)/107°
w
o
I

FIG. 6. Scaling of)o—J,, function with my. %Defined in Appendix C by Eq(C18).
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FIG. 8. Spectrum of sneutrinas, andn, as a function ofm FIG. 10. Mass of lightest scalar sparticle, namely the right-
for several values oM ;. handed staul(, )
).
— _(1)nt n _ . . . . L.
A= = (UlDed Ul en(Je= I, (28) sible for the increase in 1-2 family splittings. It turns out
b that the 2—3 family mixing is also substantially increased in
Apz= = (U DeAU()u(3p—=30). (29 this model, but foru— e+ y this effect is destroyed by the

) ) ) _small(1,3 family mixing factor. Forr— u+ v , on the other
The above results allow a direct interpretation of LFV in hand the rate here is controlled exclusively @3) family

terms ofe—u, u— splittings in Fig. 5 andle—J, whose  mixing and we find a large enhancement in this case.
scaling withm, is shown in Fig. 6. If ta is small then

|Asq>|A44|, while as Fig. 5 shows for large tArover much

of parameter space we firjd 5 >|A,4. The empirical ef- B. Overview of results

fect we observe seems to be related to the largg tasult In our numerical results we assumeei=0.115 and
that A ;> X\ cnam, Which tells us that second family Yukawa sior=4.25 GeV. An increase inr, (Mporor) leads to

] . .. b
couplings receive an overall enhancement and this is respoRi ajer slepton massdbigger e— u splitting) therefore to
an enhancement of LFV. The parameters we made to vary

1000 . :
oo wereM .5, Mgy, A andM . When not explicitly mentioned
900 -  mo = 300 GeV —— ] the graphs refer to default values 8f=0 GeV andM,
mg = 1000 GeV -wrereree =My.
800 - i In Fig. 7 we plotted the slepton spectrum. Because of
00 the large tap, for decreasingn,, we verify that the lightest
5 sleptonl ,_ is rapidly driven negative, on the other hahgd
E 600 |- is pushed upwards and forced to be the heaviest sparticle.
‘% These phenomena are absent in conventional loy tand-
‘;sf 500 (= els. Figure 8 displays the masses of the muon and tau
= 00 sneutrinos. The splitting between them ensures thatin
; Eq. (29 does not vanish. The neutralino particle spectrum is
S a0l shown in Fig. 9 and the mass of the right-handed stau in
200
100 "When mg, My»>m,, the h_eaviest cha_lrgin_o is appro>_<imately
degenerate with the two heaviest neutralifbich scale withu,
0 I 1 ] ] | 1 1 1 1 the Higgs mixing parametgrwhile the lightest chargino has the
0 50 100 150 200 250 300 350 400 450 500 same mass as the second lightest neutrglimh scale withM ).
My j3/GeV Finally the lightest neutralino scales wit,. These three sets are
in close correspondence with the scaling of Higgsirwsnos and
FIG. 9. Spectrum of neutralinos as a function\df,. B-ino.
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Ag =0 GeV
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FIG. 11. Branch ratio for the decay— e+ vy as function ofm,
for several values oM, and twoM , scales.

Fig. 10.

We now consider the branch rat@p—e+ vy. In Fig. 11
we plot its dependence witim, for selected values dfl 4,
(and just two extreme values bf ). Discontinued lines sig-

nal regions wheren, —0. WhenM,, is not much bigger
R
thanm,, the BR(u— e+ y) increases with decreasimg, for

PHYSICAL REVIEW D60 035003

107" T T T T T T T =
10712 =
- -
< i
W
1 10718 =
2 =
= =
M u
10—14 - .
= mo = 300 GeV -
= My, = 50,100, 150,200, 250,300 GeV
10-15 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
Ao/GeV

FIG. 13. Branch ratio ofx—e+ vy as function ofA,,.

can see that the rajg— e+ y increases for decreasing,, .

This behavior is easily understood; models with lovixy,
allow right-handed neutrinos to decouple at lower energies,
which in turn, forcesm? to be under radiative LFV contri-
butions for an extendell ,.— M , energy range as described
in Eq. (20). The variations withA, are plotted in Fig. 13.
When tarB is big the sleptons mass matrix is explicit inde-

in this limit the sneutrinos are getting lighter. The presentoendent of, ,. Since RGEs care only abodf, , we see

experimental bound BR(— e+ y)<4.9x10 ! is close to

that the results must be approximately invariant unégr

the most enhanced decays, however it still does not rule out> —Ag. For that reason we have only considefgg>0. In
any region of theM 1, mg and M, parameter space.

Figure 12 gives the branch ratio dependencevbn We

10—11

10—12

10718

107

BR(z — e+7)

107

10—16

10—17

mo = 300 GeV
M, ;2 = 50,300,600, 1000 GeV

1000

1013 1014
M, /GeV

1015

1016

FIG. 12. Branch ratio fop— e+ y versusM,,.

general,Ay does not affect the branch ratio decay signifi-
cantly. A variation of three orders of magnitudeAy leads
only to one magnitude enhancement in BR¢e+ ).

In Fig. 14 we show the BR{— w+ ) which is experi-
mentally constrained to be less than ¥20°°. This limit
already imposes some constraints in the allowed SUSY pa-
rameter space for this model, particularly whih, is al-
lowed to take values as low as'#0GeV.

C. Results near the experimental limits

It is clear from the results so far that the interesting region
of parameter space from the point of view of the LFV pro-
cesses corresponds to relatively low values of soft SUSY
breaking parameters, saymy<<500 GeV and My,
<200 GeV. In this subsection we shall concentrate on this
region, and examine the relationship between LFV processes
and direct experimental bounds on the particle mass limits
coming from the CERNe*e™ collider LEP, for example.

In Fig. 15 we show the branch ratio far—e+ y for a
range of my<500 GeV and several values o,
<200 GeV, taking two extreme values of right-handed neu-
trino mass. As the experimental bound improves it is clear
how increasingly larger regions of tine,— M 1, plane in this
model may be excluded, with the low values of right-handed
neutrino masgwell motivated from neutrino physitgro-
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10-7

(=}

FIG. 14. Branch ratio of— u+ v for a range ofn, and several FIG. 16. Branch ratio forr—u+y for a range ofm,
values ofM,. <500 GeV and several values bf,,<200 GeV. Two extreme

values ofM , are displayed: solid lines correspondNb,=Mgyt,
o ) o while dotted lines tdVl,=2X 10'? GeV.

viding the larger rates closer to the experimental limit.

Figure 16 shows the predicted branch ratiofef u+7y.  the RGE running, which leads to an enhancement in the
The well-motivatedM ,=2Xx 10*?> GeV curves clearly al- pranch ratio.
ready provide useful constraints on the SUSY particle spec- In this model the spectrum is completely determined by
trum. the values of the input parameters, in particutag and

Figure 17 shows the dependence of:u+y on the My, with very little sensitivity toM,,, for example. It is
right-hand neutrino scalt,. One can see that, &8, de-  clearly of interest to compare the direct experimental limits
creases, the right-handed neutrino decouples at a lower ehich may be placed in these parameters, from the CERN
ergy, thus allowing additional LFV to be generated throughe*e™ collider LEP for example, to the indirect limits coming

—4
1071 = T T T T T T 3 10 = ! ! ! ! ! ! 3
- 3 ~ M1/2 = 140 GeV ]
C Exp. Bound . - M, =2.0x 102 GeV — 2.0 x 10'8 GeV .
- M, =20x 1018 - = -
Y M, = 2.0 X 1012 -eerem | |
100~ E =
5 3 M, = 2.0 x 1012
- 3 1075 £ =
:f B N 5 — Exp. Bound ]
o 1072 N N\ e = 2 i N U i
T = N 3 T -
3 O N 3 *
2 - = s n
s Z
1079 =
10718 E -
- \ L M, =20x 100
10—14 - A() =0 GeV’m B
E | | 1 1 1 1 1 = 10-7 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
mo/GeV mo/GeV
FIG. 15. Branch ratio fop— e+ y for a range ofmy<500 GeV FIG. 17. Branch ratio forr—u++vy for a range ofmg

and several values dfl ,,<200 GeV. Two extreme values M, <500 GeV andM,,=140 GeV. The six curves plotted corre-
are displayed: solid lines correspondNb,=Mgr, while dotted  spond to equally log-scaled intervals Mf, in the range X 10'? to
lines toM ,=2x10"? GeV. 2X10'° GeV.

035003-10



LEPTON FLAVOR VIOLATION IN STRING-INSPIRED MODELS PHYSICAL REVIEW D60 035003

600 T T T T T T 300 T T T T T T T T

500 |~ 250 |-
- =
w 400 - : 200
g 3
2 3
= n
Z =
& <
T 300 |- £ 150}
g0 <
[ =
g =
e "
w 200 = 100
g 2
= s

M1/2 =140 GeV Ml/z = 50, 80,110, 140,200,170 GeV
0 1 1 1 1 1 1 0 1 1 1 I 1 1 I 1
150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

mo/GeV mo/GeV

FIG. 18. Spectrum of charged slepton$ {or a range o, and FIG. 19. Mass of lightest scalar sparticle, namely the right-
a fixed low value ofM,,=140 GeV. Mixing between left and handed staul(. ), for a range ofn,<500 GeV and several values
right staus is shown as a deviation of the solid from the dotted onef M4, (note that the ordering of thil,,, lines which are plotted,
(Ag=0 GeV,M,=2.0x10' GeV). from left to right, are in correspondence with the order shown on
the label in the graph
from the LFV processes we have considered. Therefore we
present a series of plots which give a detailed exposition of15) negative. The regions below the dotted lines labeled by
the sparticle spectrum in the low mass region where experig 2x 10-6 (4.2x10°7) are excluded by the currefine or-
ments are sensitive to LFV processes. der of magnitude improvécound on the branch ratio of
We begin in Fig. 18 by showing the spectrum of charged_, ;, 4, . The horizontal solid lines indicate the mass of the
sleptons for a fixed low value oM,,=140 GeV corre- |ightest neutralino, while the curved lines that extend from
sponding to charginos in the unexplored LEP2 range 95—10fhe “excluded region” correspond to the mass of the lightest

GeV (as we shall see shorjlyThe plot shows that the light- scalar sparticle, the right-handed stau. The mapping of the
est charged slepton mass ranges from 125—-260 GeV over the

region of my=280-500 GeV allowed in a scenario in 550
which the LFV bound for ther decay has improved to
4.2x10°7 GeV. Figure 19 shows the very weak depen- 500
dence of the lightest slepton massMn,,. The correspond-
ing sneutrino masses in Fig. 20 have a similar mass depen
dence but are somewhat heavier. 400

The strongest constraint dvl ,, comes from the lightest g
charginos and neutralinos in Fig. 21. The full spectrum of
charginos and neutralinos, for a fixed value aij,
=300 GeV, and varyingM,,,, is shown in Fig. 22.

The current published LEP2 limit on chargino masses is
around 85 Ge\f24-27). This bound does not include analy-
sis of the most recent runs, which will increase this limit to
about 94 Ge\[28]. A chargino mass limit of 94 GeV would 150
correspond toM 4,,>125 GeV formg in the intermediate
200-500 GeV range. The experimental limit ar-> w+ vy

450

350

300

250

200

Mass of Sneutrino:

would need to be increased by one order of magnitude in sob 7 M, s = 50,80,110,140, 170,200 GeV
order to be competitive with these direct limits. | | | | | | | |

Finally we present Figs. 23 and 24 that neatly summarize O 100 150 200 20 300 350 400 450 300
some of the most important results obtained. The regions o/ GeV

bounded by the thick broken line are forbidden since they

correspond to negative right-handed stau masses or to a com- FiG. 20. Spectrum of sneutrinoﬁu and n, for a range of
bination of my—M,, that renders consistent electro-weak my<500 GeV and several values dfl,, (A;=0 GeV, M,
symmetry breaking in this model impossible, i.,g2 of Eq. =2.0x10' GeV).
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equivocal identification of the LSP; insidéoutside the
semi-circle plotted with a thin dashed line the staeu-
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tralino) is the LSP.

bound on the branch ratio for the decay> u+ vy is of little
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23. Constrained mg—M,;, plane when M,

=2.0x10' GeV. The horizontal solid lines represent lightest neu-

tralino mass contours, and the remaining solid curves represent the
right-handed stau mass contours. The region bounded by the thick
. . broken line is excluded as it corresponds to unacceptable negative
mMo—M ), plane into the neutralino-stau space enables the Ungni handed stau mass. The region below the dotted curve, labeled

4.2x1075, is excluded by the current experimental bound on the
branch ratio ofr— u+ vy . The LEP2 bound on the chargino mass

the | o ) >94 GeV excluded,<125 GeV. The lower bound on the stau
Analyzing in more detail Fig. 23, which corresponds tomass is 72 Ge\/29,30.

M,=2.0x10' GeV, we observe that the experimental

within the bandM,,<125 GeV which has, in any case,

practical significance. Indeed, even when this limit is im-already been excluded by the present lower bound on the
proved by one order of magnitude the corresponding:hargino mass. However, from Fig. 24, obtained wikép

excluded region on theny—M,,, plane is still almost all

Masses of Charginos and Neutralinos

FIG. 22. Spectrum of charginosng) and neutralinosrfy) for
a range of My, and my=300 GeV A,=0 GeV, M ,=2.0
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7— u+ v decreases, the regions with lowesg, M4, are  Lagrangian is given by summing the superpotential, scalar
increasingly excluded beyond tiv,,,=125 GeV frontier.  potential, scalar and gaugino mass contributidgrsLy,—V
—Ln— L, , each of which we have written in the following
V. CONCLUSIONS form:

The main qualitative conclusion of this study is that LFV yy— yex QH,+d\ QHy+ v\ ,LH,+ €\ L H 4+ uH Hg
is not a unique prediction of SUSY GUTS, but is also found ’
in certain string-inspired models which do not possess a  +1/2M ,1%/°, (A1)
simple gauge group. In order to illustrate this we have cal-
culated the minimum irreducible contributions to LFV in the ,_7c & rTote “X T =T
string-inspired minimal SU(49SU(2), ® SU(2)zx model. V=UMNQHF AR gQH g+ LH+ ek el H
The main features of this model are largegaend neutrino +22H Hg+H.c., (A2)
masses with an intermediate mass sd4le The mechanism
responsible for LFV in the 422 model is similar to the one in
MSSM+v but here involves a much more constrained pa-ﬁrn
rameter space, leading to a range of@asutside that previ- C~ o~y o~ o o
ously considered. Also previous studies on the fermion mass + 120" mu™ + 1/2d"mged™ + 1/2L* mi L
spectrum in this model lead to a set of well defined mixing o, ~ o~ e
angles which enable precise predictions of LFV to be made.  +1/2v°micv®™ +1/2e°me™ + 1/2M»*»*+ H.c.,
The dominant contribution was seen to come from the am- (A3)
pIitudeARl corresponding to sneutrinos and charginos in the

loop, with the LFV controlled by the off-diagonal contribu-
tions to the left-handed sneutrino mass squared matrix. Th
!c_oF\t/hg g; r:ggﬁ,:r?g:)g':]n?g; frzg?riiﬁ\;\?r:?cghor;?lecgggletigiggsbyhiCh defines our conventions and notation for the soft pa-
RGE evolution in the high energy region between the Planckameters in the low energy effective theory.
and the right-handed neutrino scale.

The main quantitative conclusion is that the LFV rates in APPENDIX B: RGES

these models arsubstantially enhancedompared to other This appendix lists the one loop RGEs which we used to

models. This conclusion is based on values of mixing angleg, the parameters betweéh, andM p using the effective
taken from previous studies of the fermion mass spectrum 55 model as described in Sec. Il F\’Ne have neglected the
this model. The enhancement effect is well illustrated by thg, 1ve function renormalization of the GUT Higgs fields

detailed analysis of the parameter space near the current e refore the equations resemble those of the MSSMith
perimental limits given in Figs. 15-24. In particular we find effective Yukawa couplingd.,, Ag, \,, Ao, but with the
u: L] v e

that the current limit onr— u+ 7y is very close to the pre- SU(4)2SU(2) ® SU(2) qaude aroup instead of the stan-
dictions of this model, especially for the lower values of darSd fedel(ggtije g(rOl),IRp.g ge group

right-handed neutrino masses which are well motivated by :

the physics of neutrino masses. If the experimental bounds The gauge group factors are given by
on 7— w+ vy were improved by one order of magnitude then

this model would become severely constrained, providing a
decisive test of such models. Since we have concentrated ag)y4) 1 -6 15/4 0 0 15/8 15/8
the minimum irreducibleamount of LFV in the model, fail- SU2), 3/4 0
ure to observer— u+ 7y at its predicted rate would enable SU2) 3 1 32 34 32 0 3/4
such models to be experimentally excluded. More optimisti- R

cally a direct observation of— .+ y could provide an in-  pe s gisplayed above account only for the contributions

direct discovery of supersymmetry in general and larg@tan ¢oming from theF, F¢ andh multiplets. More generally one
string-inspired models in particular. can write

= 1/2m}, [Hy[?+1/2mf, |Hgl?+1/2Q* mgQ

Lr=1/2M 1BB+1/2M,W, W, + 1/2M 3G, G, , (A4)

roup i b; ct oo e ckF

N
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w
~
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TABLE I. Numerical values of thé&/ nonrenormalizable opera- TABLE II. Numerical values of the most stable quaiY) and
tors, described in Eq$11)—(14), computed at the unification scale lepton (V') mixing angles computed to best fit the CKM matrix
for two choices ofM,,. using selected operators and texture adopted in @45-(14) (see

also Table I1).
M, /My Y! yAd \% & yb oy
Ve Vvt
1.0000 0.0110 —0.00032 —0.0151 0.0056 0.0074 0.958 Weak GUT Weak GUT
0.0001  0.0131 —0.00038 —0.0194 0.0067 0.0087 1.310
Vi, 0.2210 0.2210 0.0625 0.0625
Viq 0.9752 0.9752 0.9980 0.9980
2 dg; 3 2 i 2 Voo 0.9743 0.9747 0.9974 0.9976
16m° g =bigi, 167" =2biMigy. Vas 0.9990 0.9995 0.9993 0.9995

Running of superpotential Yukawa couplings:
d
2 14
167 at

™ =N L3t NN BN, I

16772d—t“=xu[3tr{>\$>\u}+tr{>\1xy}
. , . —2cMg?]+ 20 [ Bt N AN 20T,
ehet2C7M;g7],

2d7‘d_ T t
16 W—)\d[3tr{)\d)\d}+tr{)\e)\e} dxe B
167TZW=)\e[3tr{)\$)\d}+tr{)\l)\e}+SAZ)\EH\D\V
+3NNg+ AN —2¢Mg?],
0 —2¢Mg?]+ 2N Bt IN G} H N IN G+ 20 DN
16m° 5= N [3tr{N NG+ (A} +NIX,+2¢MM,g2].

t t A2
3NN, T ke 26707, Running of soft Higgs parameter:

-2

du
16772W—M2[3tr{)\$)\u}+3tr{)\$)\d}

16772d—)\e= [3t A INg + AN
dt e dd e‘e

T N _9pMg2
F3hehet WA, m 20001 AN S+t A — 2677)

Running of Higgs parameter: +2u[BtNIN BN IN G+ A TN L)

d +trIAIN )+ 2¢2"Mg?].
16772d—’:=M[str{xgxu}+3tr{>\(§xd} {Aehel + 267 M7

Running of soft scalar masses:
+te NI+t —2¢2g?). 9

2

. - . i d - - _ ~
Running of soft trilinear Yukawa couplings: 162 SIQ:[méKZ?\uﬂL)\I(mﬁUJFmﬁc)huﬂ\ﬁ\ﬁmczg?\g)\d
dh, - 2 =2 NI 2.2
16w2d—t“=xu[3tr{>\$>\u}+tr{>\1xy}+5>\$>\u + N (MG, + Mg+ X+ H.c]-8c Mg?,
fy _oehy2 oY 5 ~5
FNGAa— 2697 ]+ 2N [ BN N} H NN} dm?, ~ 5 o
o 16m2 ———=2[ M A+ A y(ME +MEN+X KT+ H.c]
+20 XA INg+2et M7, dt u
s —8cf Mfg?,
20N~ T t T T
16m% == N[ Btr{M N g+ (A Ih e} + 5NN g+ NN _,
dm
2 A ,rm2 ot 2 =2t Y St
~ ~ —= . + + + +H.c.
207+ N BRI 2R 187 qr — 2LMahahat ha(Miy FM)RgF RghgtH.C]
N Xyt 26t Mg, ~8cf Mg,
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TABLE lIl. Numerical values of the most sensitive quai)
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TABLE IV. Numerical predictions for the masses of the down,

and lepton ¥') mixing angles, computed at the weak and GUT strange and top quarks and for the three neutrino species.

energy scales, derived from the operators and texture adopted in

Egs.(11)—(14).

M,=My Weak GUT

Vs Input Output Input Output
V§3 0.0430 0.0430 0.0310 0.0310
Vg, 0.0429 0.0437 0.0309 0.0315
V% 0.0045 0.0078 0.0032 0.0056
Vg 0.0051 0.0019 0.0036 0.0013
Vis

V5, 0.0352 0.0315
V5, unknown 0.0352 unknown 0.0315
Vi, 0.0016 0.0014
e 0.0006 0.0005

dm? - OISR
16m2——=[m2A "\, + A (mau+m§5))\v+)\‘;)\y+mf)\l)\e

FAL(M? +mec))\ +XXetH.c]-8cTM?g?,

dm?. 5 s
1672 dt”°:2[m§c>\yx1+>\y(mau+mf)x1+>\y>\1+H.c.]
—8cf ‘M? 292,
d"‘Z

2 dtec=2[ﬁﬁc)\e)\l+)\e(mﬁd+ﬁf))\l+7\eﬁ+H.c.]
—8cf E 292,
Running of Higgs boson masses:

dm

167 T=6tr{mQ)\T)\ N +MZN NN}

+2t{MENIN (MG FMEON,+ XX

—8CM g,,

Ff]f + mlme‘F m%ZeCQ'B

UVghe— MUUNe

diagonalized byS, defined through

My mg m
7.8 MeV 214 MeV 178-175 GeV
m, m,, m,_ m /4M
0.2 MeV 760 MeV 115-122 GeV 1>610‘
de
1672 m —6tr{mQ)\T)\d+)\d(mH + M3 N g+ Nk gh

+2tr{ﬁwf)\§>\e+)\l(mﬁd+ﬁﬁc)7\e+7\§\e}
—8c'MZg?.

APPENDIX C: DIAGONALIZATION OF MASS MATRICES

The soft trilinear Yukawa couplings and mass terms of

the 422 theory ar&°XFh and F*m2F, F°mZ.F°*. Below
the symmetry breaking sEarEE splits intoma, m¢, and
mic splits into mﬁc, mﬁc, mgc, mic. We now specify how
Yukawa and soft scalar mass matrices are diagonalized:

SUNTUT=0(d),  SIAGTIT=N4(d), (C1
SN T T=0 (), SEALTe =)(d), (C2)
TOMET'=m(d), T'm{T-'=mi(d), (C3
M T=ml(d), SMEST=mi(d), (C4
M S T =m(d), SFmLST=m’(d). (CH

The left-handed neutrinos obtain a small mass?/4M,
after diagonalization of

0 v\ /w
L==(v ) yom, M V©

v

+Hc. (Ce

The 6x6 charged slepton mass matrit'? in the basis

(e,e%*) is given by

Ud)\l_ :U«Uu)\;

(C7)

2 t 2
Mge+ MeMg +MZZcCop

8The Z, coefficient of the X field isly— Qysirt6y, wherely and Qy are the isospin and electric charge of X. For examiple

(—1/2)— (—1)sirtG,.
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VIEEEYL L
A&t 7712 =12 M Wik A S S
SMEST=M*d), MP=|ge ge |, S=|lg 3 | (C8)
and has eigenvalues denotedrf (m? =m? , m? =mi=m? )
A AL A+3 A A

The left-handed 12 12 sneutrino mass matrix in the bagis= (¢, , #r), Whered, = (v,v*) andpr= (v°,7°*) is given by
(g g
W e mg) 9

with the 6X 6 blocks defined as

mZ+m!m,+m3Z,cyp 0
M #2 — ~
M{l=1/2 0 mZ+mym} +m3Z,cop | (€10
mee+miml+MIMm, m2"
M %2 — ~ ~
Mgr=1/2 M2 m2+mmi+MIM* |’ (€17
miM, v k)~ uUgh]
M P2 — ~
e R G (C12
|
andM 22=M?®2". In general, to find the eigenvalues idf*? o =3, Tef, (C16)
we need to diagonalize the full sneutrino matrix in EQ9).
i i i isti l =l A A
However, since this matrix depends on two very distinct U, O, g Tet g st
scales, the electro-weak VEVs and the right-h&hg mass, U= ~ _ _| - _ (C17)
the lightest sneutrinos are approximately described by an ef- U'RL U'RR S'RLTeT S'RRSe’r '

fective 6X 6 block matrix given by

Finally we provide the expressions fdfandH appearing in

S b2y light — 77 62 71 62, (77 62 — Loy 77 62
(M{1) M{T=MPRX(MER) XML Eqs. (23)—(25):

mi+m3Z,Cop 0
=1/2 0 M rmiz,c,, |- (€13 Ji,-A=k:21’2 (91891 T Me, /Mi Jea,  (C18)

Comparing Eqs(C10 and(C13) we observe that, up to very Ho = gNt NYme /M2 H
suppressed terms of orden,/M,, the two matrices are PaA r:;.A(gp pr)(9aSr) My, /M7, Hia
equal except for the Dirac mass contributimi absent in (C19
(M¢2ylient Therefore, the light sneutrinos/9"~ ¢, have ) s )~
masses Jea=Tme /mg ), Hea=H(mg /mi ). (C20

LMD p ~* (MZ+mM3Z,Cop) v=1* MV Hereg, ,=(9',9.0,9) and the function7 (H) arises from

(C19 chargino (neutraling loop integration[6]. The (supersym-

PN _ - _ metric stat¢ indicesi, j, p and g can take values among

The matrixM '} is diagonalized by5', defined through :(1:2):(\7Vf~’ﬁ~f)’~ jf(1,2)=(\7V§ FR), p and q
=(1,2,3,4=(B,W°,H},HY%). s and T¢ diagonalize

&@n $pn2&nt _ gpn2
LML =MT(), (C19 [SCMCTCT=MC(d)] the 2x2 chargino mass matrit©
. ~p o~ ~ ~ ~ ~ hich has eigenvaluesnc . Similarly SN diagonalizes
and has eigenvalug®? (M2 =m?2 , m2 =m2.=m2 ). Ci
N g n (Mo, Ma )’ Mass A “AR) [SVMNSNT=MN(d)] the 4x4 neutralino mass matrid"N
The Us in Egs.(23)—(25) are defined by which has eigenvaluet&r;l,\jr :
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M, \/EmWSﬁ APPENDIX D: FERMION MASSES AND MIXING ANGLES

MC= ﬁmwcﬁ u , (C21
This appendix is intended to give an overview of fermion
M, 0 —MyCpSy  MySES, masses and mi>_<ing _angles_ predicte_d by t_his model._ Ulti-
mately we have in mind their comparison with the available

. 0 Ma MzCpCo  —MzSpCy data. We will focus on the effects associated with the run-
MP=1 MzCgSy  MzC4Cy 0 - : ning of the parameters between the weak and GUT scale and
their variation with the right-handed neutrino decoupling
MzS;zS —MzSzC — 0 . .
Zop>6 Zopm0 H scaleM , . For convenience we show below the CKM matrix
(C22  [23:

0.9747-0.9759 0.2180.224 0.002-0.007
V= 0.218-0.224 0.97350.9751 0.0320.054
0.003-0.018 0.036-0.054  0.9985 0.9995

(D1)

The results in Tables -1V correspond to input values ofnot present in Table [INI,=2x 10'® GeV). The reason for
as=0.115 andmpyem=4.25 GeV. Variations due to differ- the discrimination is threefold. First because we are now
ent choices of these parameters are significand have confronted with values that are more sensitive to variations
been partially considered in R¢f.8]. Since we worked with in M,. For example, takingl ,= 10" 4x M\, effects the val-
one-loop RGE all the tables are independent of the Planckes shown to about 7%. Secondly because the mixings in
scale parametenmsy, M, andA,. Table Ill are generally not as stable to RGE effects as the

In Table I, we show the values that tifeoperators ap- ones in Table Il. And finally because we wanted to call at-
pearing in Eqs(11)—(14) take at the GUT scale, for two tention to the fact that the values that are actually used when
values of M,=M and M,=2Xx10' GeV. Operators B we computed LFV processes, denoted by output, are not ex-
and 33 can be seen to be the most sensitiviel 1o actly the same as the ones we have available from experi-

In Table I, we have collected the mixing angles which ment (inpuf). The discrepancy arises when we replace the
are approximately insensitive to changeshMr), and stable GUT Yukawa couplings by others parametrized by our set of
relative to RGE effects. We denoted the quark CKM matrixoperators arranged in a successful “texture.”

by VQ and the leptonic counterpart By* (V,~V;,). The Finally in Table IV, we present the predictions for some
Clebsch factors in Eqg11)—(14) imply® Vi,~Vv$/4. fermion masses. Whenever two values are shown for the

In Table 1l we include the remaining® andV* entries same parameter, the first is associated with=10"*

X M while the second wittM ,=M . The down(strange

qguark has a mass within the 5—1500-300 MeV range

quoted in Ref[23]. The m, values correspond to the un-

o physical mass directly obtained from the neutrino Yukawa
It is relevant to note that th¥ operators were chosen because coyplings[for exampbmyT”Uu()\y)n]- On the other hand,

they can not only account for the experimental fermion mass patterﬂqe physical mass of the tau-neutrino is correctly obtained

but predict successfully “natural” mixing angles as well. By this fter taking into account the see-saw s ression mechanism
we mean that we were careful to select them in such a way that - g : u 2 W Supp : !
hich forces it to scale am;, /4M,. In all cases we ob-

none arises as the residue of an almost complete cancellation of tf¥
contributions coming from the up and down Yukawa matrices.  tained predictions fairly compatible with experimental data.

9See for example Fig. 1.
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