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Abstract 

Supersymmetry provides the most promising solution to the gauge hierar

chy problem. For supersymmetry to stablize the hierarchy, it must be broken 

at the weak scale. The combination of weak scale supersymmetry and grand 

unification leads to a successful prediction of the weak mixing angle sin 2 Ow 

to within 1% accuracy. If supersymmetry is a symmetry of nature, future ex

periments will discover many new particles, in particular the superpartners of 

all the quarks and leptons. The mass spectrum and the flavor mixing pattern 

*This work was supported by the Director, Office of Energy Research, Office of High Energy 

and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under 

Contract DE-AC03-76SF00098. 



of these scalar quarks and leptons will provide important information about 

a more fundamental theory at higher energies. 

We studied the scalar mass relations which follow from the assumption 

that at high energies there is a grand unified theory which leads to a significant 

prediction of the weak mixing angle. Two intragenerational mass relations for 

each of the light generations are derived. In addition, a third mass relation is 

found which relates the Higgs masses and the masses of all three generation 

scalars. These relations will serve as important tests of grand unified theories. 

The gauge interactions of any supersymmetric extension of the standard 

model involve new flavor mixing matrices. In a realistic supersymmetric grand 

unified theory, nontrivial flavor mixings are expected to exist at all gaugino 

vertices. This could lead to important contributions to the neutron electric 

dipole moment, the decay mode p -+ K 0 J.L+, weak scale radiative correc

tions to the up-type quark masses, and lepton flavor violating signals such 

as J.l -+ e-y. These also provide important probes of physics at high energy 

scales. 

Supersymmetric theories involving a spontaneously broken flavor symme

try can provide both a solution to the supersymmetric flavor-changing prob

lem and an understanding of the fermion masses and mixings. We studied the 

possibilities and the general conditions under which some fermion masses and 

mixings can be obtained radiatively. We also constructed theories of flavor 

in which the first generation fermion masses arise from radiative corrections 

while flavor-changing constraints are satisfied. 
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Two fundamental questions of the standard model of particle physics are the 

origin of the electroweak symmetry breaking and the pattern of fermion masses 

and mixings. In standard model, the electroweak symmetry breaking occurs be

cause the scalar Higgs doublet acquires a nonzero vacuum expectation value (VEV). 

However, in quantum field theory, the loop corrections to scalar particle masses are 

quadratically divergent, so the scale of the electroweak symmetry breaking is un

stable against radiative corrections, and therefore the huge hierarchy between the 

electroweak symmetry breaking scale and the Planck scale is a mystery. Weak 

scale supersymmetry [1] offers the most promising solution to this problem. In su

persymmetric theories, the quadratic divergences cancel between fermion loops and 

boson loops. Therefore, the extension of standard model with supersymmetry softly 

broken at the weak scale does not suffer from the problem of unstable hierarchy. 

In addition, the electroweak symmetry breaking is triggered by the dynamics of a 

heavy top quark [2] instead of being put in by hand. Also, the grand unification 

prediction for the weak mixing angle is highly successful if there are superpartners 

at the weak scale. The experimental discovery of superpartners would represent 

enormous progress in understanding the electroweak symmetry breaking. It could 

also offer us a great handle of physics at very high energies through studying these 

superparticles. 

In any supersymmetric extension of the standard model, the superpartners 

of the quarks and leptons must be given masses. There will be many new flavor 

parameters in the scalar quark and lepton masses and mixings in addition to those in 
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the quarks and leptons. If these parameters are arbitrary, in general, they will cause 

flavor-changing processes which are severely constrained by experiments. Hence, 

these parameters must be constrained by physics at higher energies. That is, physics 

at high energies will leave some imprints on these low energy parameters. Studying 

these scalar quark and lepton masses and mixings will provide us an important 

probe of physics at more fundamental levels. 

Unification of fundamental physics has always been a goal for physicists. In 

grand unified theories (GUT's), the standard model gauge group SU(3) x SU(2) x 

U(l) is beautifully unified into a simple group SU(5) or SO(lO). The fermions 

of a single family fit exactly into a 5 and a 10 representations of SU(5), or with 

an additional right-handed neutrino, into a single 16 spinorial representation of 

SO(lO). Supersymmetry, which solves the hierarchy problem, allows us to ex

trapolate physics up to very high energies, and hence makes the dicussions about 

unification at extremely high energies sensible. In fact, the combination of weak 

scale supersymmetry and grand unification give a successful prediction of the weak 

mixing angle. This is a strong hint that supersyrnrnetric unification might be real

ized in nature. However, it is only one prediction and it could be an accident. In 

chapters 2 and 3 we study other signals of supersyrnmetric unification, which will 

serve as evidence for or against grand unification. 

Fermion masses and rnixings have been studied to provide tests of grand uni

fied theories [3, 4, 5]. However, chiral and guage symmetry breaking effects can 

mask the grand unified symmetry relations for the ferrnions. On the other hand, 

:3 



scalar particles can have symmetry-preserving masses and therefore provide a more 

reliable test of supersymmetric unification. In chapter 2, we study the scalar quark 

and lepton spectrum in supersymmetric theories with the assumption that there is 

a GUT at high energies with the successful prediction of weak mixing angle pre

served. Because the scalar particles belonging to the same multiplet have the same 

mass at the GUT scale and the scaling from the GUT scale to the weak scale is 

known, these scalar masses at low energy are related to each other. We derive two 

intragenerational relations for each of the light generations. In addition, a third 

mass relation is found which relates the Higgs masses and the masses of all three 

generation scalars. After the scalar quarks and leptons are discovered, verification 

of these mass relations will 'provide an important test for grand unification. 

Flavor and CP violations can also provide important probes of supersymmetric 

grand unified theories [6, 7, 8, 9). Because the leptons and the quarks lie in the 

same multiplets in unified theories, there will be new flavor and CP violating effects 

in the lepton sector as well as in the quark sector. In chapter 3, we study these 

new flavor and CP violating effects in a realistic supersymmetric unified theories. 

In constrast with the minimal models, there are non-trivial flavo~ mixings in the up 

quark sector. This can lead to important contributions to the neutron electric dipole 

moment and to the proton decay mode p ~ K 0 1-l+ and suggests that there may be 

important weak scale radiative corrections to the up-type quark mass matrices. The 

lepton flavor violating signal 1-l ~ e1 is studied in the large tan /3 (defined in later 

chapters) scenario and puts a strong constraint on the slepton masses. 

4 
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As mentioned above, if the scalar masses and mixings are arbitrary, they will 

induce unacceptable flavor-changing effects, this is known as the supersymmetric 

flavor problem. A complete supersymmetric theory of flavor should address both 

this problem and the fermion mass problem. The smallness of supersymmetric con

tributions to the flavor-changing effects could be related to the smallness of the light 

generation Yukawa couplings. Flavor symmetries should forbid Yukawa couplings 

of the light generation fermions. After the flavor symmetries are broken, the light 

generation fermions can acquire small Yukawa couplings from the symmetry break

ing effects.· One usual way to get small Yukawa couplings is the Froggatt-Nielsen 

mechanism [10], which generates small numbers from the ratio of two different en

ergy scales. Another attractive way is to generate the light fermion masses through 

radiative corrections, which automatically incorporates the small number 16~2 from 

the loop factor. In chapter 4, we show that supersymmetry has the right ingredi

ents for radiative fermion masses. We study the possibility that some of the light 

fermion masses arise from the loop corrections due to the flavor-violations in scalar 

masses, while the flavor-changing constraints are still satisfied. We also construct a 

supersymmetric theory of flavor in which the fermion mass and mixing pattern arise 

naturally and the first generation fermion masses come from radiative corrections. 

5 



Chapter 2 

Scalar mass relations in gr,and 

unified theories . 
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2.1 Introduction 

If supersymmetry (SUSY) is a symmetry of nature, broken only at the weak 

scale, then future experiments will discover many extra particles, in particular the 

superpartners of all the quarks and leptons. The masses of these scalar quarks and 

leptons will provide extra clues about a more fundamental theory at higher energies. 

However, whereas the quark and lepton masses provide information on how chiral 

and flavor symmetries are broken, the squark and slepton masses will provide a 

window to the structure of supersymmetry breaking. 

It may be that the squark and slepton spectrum will show no clear pattern 

or regularities, and the origin of the spectrum will become a major puzzle, rather 

like the present situation with quark and lepton masses. However, much attention 

has been focussed on a single theory, the minimal supersymmetric standard model 

(MSSM), in which a very clear pattern emerges in the scalar spectrum. By the 

MSSM we will mean the supersymmetric extension of the standard model with 

minimal field content, which has a boundary condition near the Planck scale that 

the soft supersymmetry breaking mass parameters for the scalars are all equal. 

In this model, the physical masses of the 14 squarks and sleptons of the lighter 

two generations are given in terms of just 5 unknown parameters: the universal 

scalar masses at the Planck scale, m5, the three gaugino masses, Ma, and the 

ratio of electroweak breaking VEV's, tan/3 = v2 /v1 . Due to effects of large Yukawa 

couplings, the physical squark and slepton masses of the heaviest generation depend 

7 



on one further parameter, the triscalar coupling A. Although these effects are well 

understood and can easily be added, for simplicity, we consider only the lightest 

two generations. Thus the MSSM has many relations amongst the scalar masses. 

However, the question as to why all scalars are assumed degenerate at the Planck 
} 

scale becomes extremely important. If experiments are done to check the validity 

of the scalar mass relations of the MSSM [11], what is the fundamental principle 

which is being tested? 

Flavor-changing processes provide considerable experimental constraints on the 

form of the squark and slepton mass matrices [12, 13, 14]. However, these constraints 

are intimately connected with flavor violation and provide constraints between the 

masses of scalars of different generations. For a given generation there are five 

independent gauge invariant squark and slepton masses: mQ, muc, mnc, mL and 

mEc, where Q and L represent SU(2) doublet squarks and sleptons, while U, D and 

E are SU(2) singlet squarks and sleptons. Certainly the flavor-changing constraints 

do not constrain the ratios mQ : mu : mn : mL : mE, and it is largely these ratios 

which will be addressed in this chapter. 

The assumption of a universal scalar mass at high energies originated from 

studies of N = 1 supergravity theories in which supersymmetry is broken in a 

hidden sector. The scalar mass was found to be universal in particular models 

[15, 16] and also in a wide class of models [17]. However, the universal mass is not 

a general property of supergravity models, and involves an assumption about the 

form of the Kahler potential. If there are N fields in the observable sector of the 
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theory, an SU(N) invariance of the Kahler potential guarantees the universality 

of the scalar masses at the Planck scale [17]. However, this symmetry is clearly 

broken elsewhere in the theory, and so the universality of the scalar masses can 

only be understood as a special property of certain supergravity theories. If the 

scalar mass relations of the MSSM were violated, it might simply mean that the 

Kahler potential does not possess this SU(N) invariance. 

In this chapter we study squark and slepton mass relations which follow from 

two assumptions, which have nothing to do with supergravity. 

(1) The standard model is unified into a grand unified theory. 

It is well known that a grand unified symmetry, together with supersymme

try, has yielded a successful relation amongst the gauge couplings of the standard 

model [18]. Much attention has also been given to quark and lepton mass relations 

which can follow from a grand unified symmetry. It therefore seems well worthwhile 

studying what squark and slepton mass relations might follow purely from grand 

unification. 

(2) The generation changing entries in the squark and slepton masses (in a 

basis where the quark and lepton masses are diagonal) are sufficiently small not to 

affect the scalar mass eigenvalues at a level of accuracy to which the mass relations 

will be experimentally tested. 

In fact, the latter is hardly an assumption, such large flavor-changing effects1 

1The flavor-changing effects are studied in later chapters. 
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are almost certainly experimentally excluded. Since the grand unified symmetry 

acts within a generation, we expect relations amongst squark and slepton masses of 

the same generation, we do not expect any relations between masses of particles in 

different generations. 

We begin section 2.2 by writing down the mass relations between squarks and 

sleptons of a given generation which occur in the MSSM. We then list the as

sumptions which a supersymmetric grand unified theory (SGUT) must satisfy for a 

successful weak· mixing angle prediction to occur at the 1% level. Finally, we show 

that, with these assumptions, we are able to derive two intragenerational scalar 

mass relations. The mass relation of the MSSM which relates the masses of the 

two charged sleptons within a generation may be violated. This is a particularly 

important mass relation since it is likely that the squarks will be much heavier than 

the sleptons, and this will be the first mass relation of the MSSM to be tested. 

In section 2.3 we study the extent to which this mass relation is expected to fol

low if the GUT gauge groups includes 50(10). While this slepton mass relation 

is generically expected as a consequence of the 50(10) gauge symmetry, we find 

that radiative corrections and additional D term contributions to the scalar masses, 

beyond those of the MSSM, may lead to its violation. In section 2.4 we show that 

even if the additional D term contributions do not arise at tree level, they could 

be generated by radiative corrections. In section 2.5 we show that these extra D 2 

interactions found in 50(10) could lead to an easing of the fine tunning problem 

which has been found when the MSSM has large tan f3 and the universal scalar mass 

10 
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boundary condition. 

2.2 Scalar mass relations in a class of grand unified 

theories 

Before studying grand unified theories, we give the well known predictions for 

the scalar masses in the MSSM, taken to have universal scalar masses m5 at the 

Planck scale. Mass splittings arise from renormalization group scaling from Planck 

to weak scales [2, 20], and the renormalization group equations (RGE's) are given 

by 

d 
d ln J.l S(J.L) 

+ L I.Xijkl
2 

(m7 + m} + m% + A;jk)], 
j,k 

S(J.L) = L Yimf(J.L), 

(2.2.1) 

(2.2.2) 

{2.2.3) 

where a = 1, 2, 3 represents U(1 )y, SU(2)L and SU(3)c,2 .i repr~§ents the species of 

the scalar and Yi is the corresponding hypercharge, Aijk 's are the soft SUSY breaking 

trilinear scalar couplings, and Aijk 's are the superpotential couplings. C2(R~) is the 

second Casimir invariant of the gauge group a for the species i, c2 = N;Nl for 

the fundamental representation of SU(N), ~l£2 for U(1)y. The S term is zero 

under the assumption of universal scalar masses and hence does not contribute. 

2The SU(5) GUT normalization, gi = ~g' 2 , is used for the U(l) coupling. 
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For the lightest two generations, whose superpotential coupling contributions are 

negligible, the mass splittings involve only contributions from the gauginos, which 

have masses Moa at the Planck scale. Mass splittings also arise from the D 2 terms 

of the potential due to SU(2)L x U(l)y interactions. These are proportional to 

M'i cos 2/3. The result is 

m~(J.l) = m~ + Lfa;M6a + (T3;- Q;sin2 Bw)A1~cos2f3, (2.2.4) 
a 

where i runs over the seven types of squark and slepton: U, D, uc, De, E, N and Ec, 

and it is understood that the two light generations have identical scalar spectra. 

The renormalization constants fai are 

(2.2.5) 
( 

where ba is the one-loop beta function coefficient, and j.l should be taken equal to 

the scalar mass, mi. 

Suppose that f3 is known, for example from a Higgs mass measurement, then the 

seven values of mt depend only on four unknown parameters, m0 and Moa yielding 

three intragenerational mass relations for the MSSM [19). Two further relations 

follow if Moa is independent of a. In the following the scalar masses are scaled to 

the same renormalization point so that these mass relations can be displayed in 

simpler forms, 

Two of these relations have only to do with SU(2) breaking and are 

2 2 2 2 M2 2/3 2 () mu - m D = m N - mE = z cos cos w. (2.2.6) 

12 



These splittings arise because of the differing T3 quantum numbers of the upper and 

lower components of the doublets Q = (U, D) and L = (N, E). It is convenient to 

define m~ and mi as the average squared mass of the doublet representation, thus 

m~ = !( mb + miJ) and mi = !( m'fv + m~). In the rest of this chapter it is the 

masses mJ, I = 1...5 of the five types of multiplet Q, uc, DeL, and Ec which will 

interest us. In the MSSM, these are: 

m~ = m~+ LfaiMga- Y/sin2 0wM~cos2,8, (2.2.7) 
a 

where Y1 is the hypercharge of multiplet I (Q = T3 + Y). 

The mass predictions of (2.2. 7) are based on several strong assumptions. The 

universal scalar mass is a speculative assumption about the form of the interactions 

in supergravity, and has been questioned, particularly by those working on string-

inspired models (21]. The mass formula of equation (2.2.4) assumes the minimal 

particle content beneath the Planck scale. If there are extra gauge interactions then 

the index a = 1, 2, 3, 4 ... , yielding extra terms. If there are extra chiral fields with 

gauge quantum number then the ba of equation (2.2.5) will change. Furthermore, 

if these extra chiral fields allow further superpotential interactions of strength ). 

involving quark and lepton fields, then additional terms proportional to ).2 will 

contribute to m7(J.L). 

In this chapter we study the scalar mass relations which follow from certain 

assumptions about grand unification. The assumptions appear to us to be better 

motivated than those listed above for the MSSM, since they are based on the sue-
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cessful supersymmetric GUT prediction for sin2 Bw [18], the weak mixing angle. The 

precision measurement results for sin2 Bw from LEP, SLD and CDF+DO are in good 

agreement, and the combined global fit gives sin2 Bw(Mz) = 0.2314±0.0002±0.0002, 

with mt = 171 ± 12GeV [22]. The experimental numbers should be compared with 

the supersymmetric GUT central prediction of sin2 Ow(SGUT) = 0.2342 ± 0.0014, 

where the only uncertainty shown is that due to o:5 (Mz) = 0.120 =F 0.005. In ad-

clition, simple models could have uncertainties of 0.0030 from threshold corrections 

at the GUT and weak scales. The weak mixing angle therefore provides the only 

successful theoretical prediction at the 1% level of any parameter of the standard 

model. This suggests that we take the assumptions which are sufficient to get this 

prediction and use them to make predictions for the squark and slepton masses. 

These assumptions are 

1. At some scale Ma the gauge group is SU(5) x G, where SU(5) contains the 

entire standard model gauge group. 

2. At mass scales below Mathe gauge group is SU(3)c x SU(2)L x U(1)y x G'. 

3. At mass scales below Ma the only particles coupling to the standard model 

gauge interactions are those of the MSSM.3 

These assumptions are not a necessary requirement for an acceptable value 

of sin2 Bw. Acceptable values can be obtained in very many ways, for example in 

3 In fact the prediction of sin2 Bw is not altered if extra complete, degenerate SU(5) multiplets 

occur beneath Ma. We assume these to be absent; it could be worth studying the extent to which 

such representations affect the scalar mass relations. 
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non-supersymmetric SU(5) theories with extra multiplets which are not SU(5) de-

generate [23]. However, it is these assumptions which uniquely produce a significant 

prediction. All the other schemes have a free parameter which can be chosen to fit 

What scalar mass relations follow from "these assumptions? The first assump-

tion imposes the boundary condition (which is taken to be at Me now) on scalar 

masses within the same generation5 : 

(2.2.8) 

(2.2.9) 

because Q, Ec and uc all lie in a 10 dimensional representation, and L and De lie 

in the 5. There is no boundary condition relating masses of particles in different 

generations, and hence no such mass relations will result. 

Let us study a particular generation, and suppose that in the SU(5) x G theory 

it lies in representation (10, RI) + (5, R2). If R1 and R2 are non-trivial and if 

G breaks to G' which is non-trivial, then the G' gauginos can renormalize the 

squark and slepton masses. However, since all members of the 10 have the same 

G' quantum numbers, this renormalization is common, and can simply be absorbed 

4 1n the MSSM the scale of supersymmetry breaking is not a free parameter - it is determined 

to be of order the weak scale by radiative electroweak symmetry breaking. 
5 Mixings between the three low energy generations and some heavy vector-like particles at the 

GUT scale may spoil these relations[24]. However, large mixings are not expected since the KM 

matrix is very close to unity. 
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into the unknown parameter m 10• An identical situation applies to the 5. Hence 

the common mass m6 in the formula (2.2. 7) should be replaced by m6 ~ m~0 which 

take on the two possible values shown in (2.2.8) and (2.2.9) according to whether I 

lies in a 10 or 5 representation. In addition, the S term, which vanishes under the 

universal boundary condition assumption, is now given by 

(2.2.10) 

Since H 2 and H1 lie in different representations of SU(5), m~2 (Mc) and m~1 (Mc) 

are not necessarily equal. From (2.2) it follows that S scales as a 1 , 

S(p) 
S(po) 

(2.2.11) 

The contributions of the S term can be written as 

(2.2.12) 

where 

(2.2.13) 

Among the five masses (2.2. 7) of each light generation, there are three combinations 

independent of m~0 : 

( 15 c ) 2 5 . 2 2 5 C2-
36 

1 M0 - 6sm OwMzcos2f3 + 6r, (2.2.14a) 

( C 35 ) 2 5 . 2 2 5 ) C3 + 2-
36

c1 M0 + 6sm OwMzcos2f3- '6T,(2.2.14b 

2 2 mnc -mL (C3 - C2-
3
5
6

C1 )Mg- ~ sin2 OwM~cos2f3 + ~T,(2.2.14c) 
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where we have written hi = c3 for a color triplet, hi = c2 for a weak doublet 

and / 1i = r?Ct, M0 is the gaugino mass at the GUT scale, and the aa(Mp) in !ai 

should be replaced by aa(Me). By rearranging the above equations, we arrive at 

the following two mass relations independent ofT: 

25 2 
(C3 + 2C2-

18 
C1)M0 , (2.2.15a) 

2 2 2 2 mQ + m De - m Ee - m L 
10 2 

- (2C3 - -gCI)M0 , (2.2.15b) 

and also an expression for T: 

3 ( 2 2 2 2 2 10 . 2 2 ) T = 
10 

mQ- 2mue + mve + mEe- mL + 3sm OwMzcos2f3. (2.2.16) 

Since S(Me) is only proportional to the difference m},
2
(Me)-m},

1 
(Me) and b1 = ~, 

we have ITI < A lm},
2
(Me)- m},

1 
(Me)l. If the splitting between m},

2
(Me) and 

m},
1 
(Me) is not too large, then T is small and these mass relations of (2.2.14), 

with T = 0, are approximately true. Alternatively, one can use (2.2.3), (2.2.13) and 

(2.2.16) to get 

( m~ - 2m be + m be + m kc - m i + ~ sin 2 Ow Mj cos 2/3) srd generation 

+(mH2 2- mH21) = S(~~.)- 20T = -( ual(J.L) ) T- 20 T 
r 3 01 (MG)-al (J.L) 3 

(2.2.17) 

This combination does not suffer from the renormalization effects of the large third 

generation Yukawa couplings. Using T from (2.2.16) in (2.2.17) gives a third (in-
, 

17 



tergenerational) mass relation: 

( 2 2 2 2 2 2 + to · 2 e M2 2!3) mQ- muc + mnc + mEc- mL 3 Sin W z COS 1st or 2nd gen. 

(2.2.18) 

The MSSM provides 4 mass relations within each generation: those of (2.2.14) 

with T = 0 together with 

2 2 ( 3) 2 3.2 2 
mL- mEc = C2 - -Ct M0 + -

2 
sm Ow Mz cos 2/3, 4 ' 

and also predicts identical spectra for each of the light generations. 

(2.2.19) 

In this section we have shown that two of these mass relations follow from a 

completely different boundary condition assumption than the one of universal scalar 

masses used for the MSSM. We have found that, in any GUT where the successful 

prediction of the weak mixing angle at the 1% accuracy level is preserved, two of 

the four mass relations of the MSSM for each light generation is preserved and a 

third one can be recovered provided that the third generation scalar masses and 

Higgs masses are also measured. 

2.3 An extra mass relation in 80(10)? 

The mass relation (2.2.19) can be reformulated as a relation between the two 

charged slepton masses of a given generation: 

(2.3.1) 
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In the following we will not include the contributions from the S term. It is assumed 

to be small or can be obtained from (2.2.16) or (2.2.17), then be substracted from 

the scalar masses. It is also assumed that M0 is known (e.g. from the chargino mass 

measurement). This relation is particularly important because: 

(a) The super-QCD interactions tend to increase the masses of the squarks 

above the sleptons, hence we expect this to be the first scalar mass relation of the 

MSSM to be tested. 

(b) We have shown that this relation is precisely the one which cannot be 

deduced from SU(5) unification. This is clearly because E and Ec are in different 

representations of SU(5). 

If the gauge group is extended to include 50(10), such that a single generation 

lies entirely in a 16 dimensional spinor representation, then it is tempting to think 

that this slepton mass relation will be recovered, perhaps one can view this partie-

ular mass relation as a low energy signature of 50(10) .. In this section, we explore 

in more detail the extent to which this is true. 

·We will make the three assumptions, given in the last section, necessary for 

the GUT to yield a significant sin2-Bw prediction. In addition we add the 4th 

assumption: 

4. At energy scales greater than M 10 , which is greater than or equal to Ma, 

the gauge group contains a factor which includes the usual SO(IO) gauge group. 
I 

This assumption provides the extra boundary condition which sets mL(JL) and 
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mEc(f.J-) equal at f1- 2: M 10. The crucial question now is: are there any additional ef-

fects which could split these masses other than those of the SU(2)L x U(l )y gaugino 

contributions and the SU(2)L xU(l)y D2 interactions, shown in (2.2.19) and (2.3.1)? 

There are four such effects , which could break the slepton mass relation in an 

important way [25, 26, 27]: 

(a) Radiative contributions from the gauge couplings and gaugino masses be-

tween M10 and Me, 

(b) Radiative contributions from the superpotential couplings between M10 and 

Me, 

(c) Tree level D term contributions, 

(d) Radiatively generated D term contributions. 

Suppose that M10 is higher than Me, and that beneath M10 S0(10) breaks 

down to SU(5) (or SU(5) x U(1)x ). The two charged sleptons of a given generation 

belong to 5 and 10 representations of SU(5) respectively and therefore their masses 

receive different radiative corrections. The radiative correction contributions from 

the SU(5) gaugino mass is 

2 ) 2 ( ) a~ ( M 10 ) 2 
8m (R = bs C2 R (1- a~(Me) )M5 (Me), (2.3.2) 

whereC2 (5) = 1i andC2 (10) = 1
5
8

• Thereforewehave 5;::}f5~) = ~- lfU(1)xsurvives 

beneath M 10 , the U(1)x gaugino mass also contributes to the radiative corrections 

and reduces this ratio (X10 = -1, X5 = 3), but in general its contributions are 

smaller. 
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If this is the only source which violates the slepton mass relation, then we have 

1 < m10 < ~ 
- :- 2' ms . 

(2.3.3) 

and the violation should be small if gaugino mass is found to be small unless the 

gauge coupling increases very rapidly above Ma. 

In addition to the radiative corrections from the gauge couplings, if the sleptons 

have some superpotential coupling of strength ). with fields which acquire masses 

O(Ma ), then there are radiative corrections to the slepton masses between M 10 

and Ma at order ..\ 2 • In order to generate significant violations of the slepton mass 

relatio~, ). has to be large, probably. ;G i, but such a large superpotential coupling 

could also destroy the degeneracy of scalar masses of different generations and induce 

unacceptable flavor changing effects unless there is a horizontal symmetry above Ma 

which keeps the scalar masses of the two lighter generations degenerate. 

D term contributions to scalar masses can arise when the rank of the gauge 

group is reduced. To see this, consider the following situation. Suppose the 

U(1)x subgroup of S0(10) (SO(lO) :) SU(5) x U(l)x) is broken by the VEV's of 

Nand N fields which lie in 16 and f6 representations of SO(lO). The U(l)x gauge 

interaction contains a piece 

(2.3.4) 

where Xi is the X charge of the ¢>i field. When the VEV's of N and N fields are not 

equal, it gives extra contributions to the squared masses of scalar fields of nonzero 

X charges. This happens if the soft SUSY breaking masses of N and N are different 
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[26, 28, 29]. The relevant part of the scalar potential for these fields we take to be 

(2.3.5) 

where m'Jv and m~ are the soft SUSY breaking masses of theN and N fields, and 

they are of the order of the SUSY breaking scale ms. The last term is to give large 

- 2 -2 2 -2 
VEV's (~ J.l) to N and N fields. 6 Defining ~ = INI + IN I, .6. = INI - IN I, 

2 - 1 ( 2 + 2 ) d 2 - 1 ( 2 2 ) "t v m:E = 2 m N m N an m ~ = 2 m N - m N , we can rewn e as 

(2.3.6) 

Minimizing the potential with respect to .6. we obtain 

(2.3.7) 

This shifts the mass of the scalar particle with charge Xi by the amount 

(2.3.8) 

Therefore any scalar particle which carries U(1)x charge will receive a tree level D 

term contribution which is proportional to its U(1)x charge and the difference of the 

soft-breaking masses m'Jv and m~. Since Nand N lie in different representations of 

50(10), 50(10) allows m'Jv to be very different from m~, and also X 10 and Xg are 

different (X10 = -1, Xg = 3), this provides a large breaking of the slepton relation 

(2.2.19), (2.3.1). 

6 Different ways of stablizing the VEV's of N and N do not change the basic result, they only 

give corrections to the higher order terms in equation (2.3.7). 
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From the above discussion it follows that a significant violation of the slepton 

mass relation by the D term requires a large difference between m'fv and m~ (of 

the same order of the slepton masses). If some symmetry of the Kahler potential 

guarantees that m'fv and m~ are equal at the tree level, a large difference between 

them can still be generated by radiative corrections, especially if U(l)x is broken 

by the same radiative corrections at some much lower energy. We consider such a 

model in the next section. 

2.4 Large D term corrections from radiative breaking of 

U(l)x 

If the scalar masses are universal at" the Planck scale because of some symmetry 

of the Kahler potential, the difference between m'fv and m~ can still be generated 

by radiative corrections below the Planck scale if N and N couple to other fields 

differently. An interesting case is that the U ( 1) x is also broken by the same radiative 

corrections which modify m'fv and m~, i.e., Nand N fields get VEV's when m~ = 

!(m'fv + m~) is renormalized to negative. In this case, m~ = !(m'fv- m"fv) ~ m'fv 

which is presumably comparable to the masses of the squarks and sleptons, then 

the D term correction to the sparticle spectrum can be quite large. In what follows 

we consider a s~mple model which will demonstrate this case. 

We assume, for simplicity, M10 = Ma, and beneath Ma, the particle con

tents are the usual ones in the MSSM with three right-handed neutrinos, the ad-
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ditional U(1 )x gauge field, an N and an N fields discussed above which break the 

U(1)x when they get nonzero VEV's, and three gauge singlets Sk, k = 1, 2, 3. TheN 

and N belong to the 16 and i6 representations of 50(10) at the GUT scale with all 

other components getting superheavy masses and decoupled below the GUT scale. 

This can be achieved by a 45 Higgs with VEV's in the hypercharge direction[30]. 

The two low energy Higgs doublets HI and H2 are assumed to belong to the 10 

representations of 50(10) and their X charges are -2 and 2 respectively. The X 

charges of all chiral fields are shown in Table 2.1. Note that we only add the stan-

field: qL URC dRc h eRe VRC HI H2 N N s 

X -1 -1 3 3 -1 -5 -2 2 -5 5 0 

Table 2.1: The U(1 )x charges of different fields 

dard model gauge group singlets to the MSSM so that the successful prediction of 

sin2 Ow in the SGUTs is retained. 

We consider a superpotential given by 

3 

+J.LHIH2 + L ).kVRkSkN. (2.4.1) 
k=I 

Other possible interactions, such as N SkN, mS'f: and S2, could vanish either because 

Sk's are embedded in some non-trivial representations of 50(10), or because of some 

discrete symmetry. (For example, a parity whose lepton fields change sign and Sk 

and N are multiplied by i.) The scalar potential involving Nand N fields is given 
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3 3 

+ L l>-kSkNI
2 

+ m~ INI
2 + m~IN2 1 + L Ak>.k;;RckSkN 

k=l k=l 

- ~gi-(XN~ +~xi I<Pil
2

)
2 + m~E + m~~ 

1 

(2.4.2) 

where I:, ~' m~, and m~ are defined as before. When m~ is driven negative 

by the Yukawa interactions >.kvR_kSkN at some intermediate mass scale M1, (>.k's 

are assumed to be 0(1 ),) N and N fields will get nonzero VEV's and break the 

2 

U(1)x. The difference of the squares of their VEV's ~is given by/:}.=- x":fc.2 by 
NgX 

minimizing V with respect to~' and the sum I: is fixed by the one-loop correction 

1 M 2 3 
~V = -StrM4 [ln-- -] 

. 6471"2 112 2 
(2.4.3) 

to the scalar potential [31], I: "' MJ where M1 is the scale at which mHM1) 

m~(M1) + m~(Mr) = 0 [28]. Fig. 2.1 shows the evolutions of the soft breaking 

masses of N, N, Sk, and ;;Rck fields. For simplicity, we have assumed that the 

soft SUSY breaking parameters are universal at Ma and the parameters are chosen 

to be >.tO = >.v .. o = 1.5, >.bO,TO ~ 1, >.ko = 1, k = 1, 2, 3, and the universal soft 

breaking trilinear couplings A0 = 3m0 • The m~R3 is also driven negative at low 

energies because of the large A113 coupling. However, the terms L::%=1 1>-kiiR\Nr 

7 We use S and N to represent both the superfields and their scalar components. It should be 

clear which one they represent. 
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Figure 2.1: The evolutions of the soft breaking masses of N, N, Sk~ and vR\ fields 

from GUT scale (2.7 x 1016 GeV) to U(1)x breaking scale (30 TeV). 

An universal soft breaking mass m0 is assumed at GUT scale and the parameters 

a.re chosen to be >..10 = AvTo = 1.5, Abo,ro ~ 1, Ako = 1, k = 1, 2, 3 , and the universal 

soft breaking trilinear couplings A0 = 3m0 . 
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in the scalar potential V ( equation(2.4.2)) prevent both N and VRc from getting 

non-zero VEV's. After U(l )xis broken, the mass square of VR~ gets a large positive 

contribution from the N VEV and (i/R~) remains zero. 

The present bounds on the mass of the U(l)x gauge bo.son Zx are Mzx > 320 

Ge V (direct) and > 670 Ge V (indirect) [:32]. The primordial nucleosynthesis may 

put a more stringent limit on Mzx, taking Nv < 3.5, Mzx has to be greater than 

O(TeV) [33] because of the extra massless states present in our model. Cosmolog-

ical constraints also put an upper limit on M1. The fiaton (a linear combination 

of N and N which corresponds to the quasi-fiat direction) decays into light parti-

des through the heavy intermediate states of 0( M1) after the phase transition of 

U(l)x breaking. The decay rate must be fast enough in order not to affect the pri-

mordial nucleosynthesis or over-dilute the baryon asymmetry. This gives an upper 

bound on M1 [34]. With these considerations, we will take M1 to be in the range 

Compared with MSSM, the scalar masses contain two extra contributions: the 

U(l)x gaugino contribution and the U(l)x D term. For the first two generations 

where the Yukawa couplings are negligible, the scalar masses are given by 

3 

m7 - m~ + L faiM5 + fxiM5 
a=l 

(2.4.4) 

where m0 and M0 are the scalar mass and gaugino mass at Me respectively, fai, a= 
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1, 2, 3 are the same as before and !xi is given by 

In this simple model, m~ can also be expressed in terms of m 0 and Mo, 

then we have 

m~ 
' 

2 2 2 f M2 m ~ = m N = m0 + x N 0 , 

( xi ) 2 ~ 2 ( xi f ) 2 1- X m0 + L...t faiMo + !xi- X XN M0 
N a=l N 

+(T3i- Qi sin2 Ow )M~ cos 2;3. 

(2.4.5) 

(2.4.6) 

(2.4. 7) 

The corrections -f;m5 + (f xi -1; f x N )M~ to the masses of squarks and sleptons 

compared to the MSSM can be as large as 60% for Xi = 3 in the limit m 0 ~Mo. 

Fig. 2.2 shows the comparison of the scalar spectra with and without the U(1)x D 

term corrections for a set of m 0 and M 0 . We see that the corrections are more 
I 

significant for the sleptons than for the squarks because of the smaller gaugino 

mass contributions to the sleptons than to the squarks. Now the slepton mass 

relation (2.3.1) is modified to be 

2 2 
mE- mEc ( 

3 2 2 4 2 
C2- 4Ct)M0 + 8CxM0 + 5m~ 

+( -~ + 2sin2 Ow )Mi cos 2;3, (2.4.8) 

where fxi = XfCx. In a more general 50(10) theory there is no simple relation 

between m~ and m5 and m~ has to be treated as a parameter. 

Before going to the next section, we have three comments on this model. 
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Figure 2.2: Comparison of the scalar particle spectra with and without the U(l)x 

D term corrections for a set of m0 , M0 and tan/3. 
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(1) S term ·contributions: When U(1)x is broken at intermediate energy Mr, 

S(Mr) is also shifted by omh-
2 
-omh-

1 
=~mi. Then the equations (2.2.13), (2.2.17) 

and (2.2.18) are not valid. Therefore, if (2.2.15a), (2.2.15b) hold but (2.2.18) does 

not, it may be a hint of an U(1)x breaking at intermediate energy scale and pro-

viding a shift of the S term. 

(2) Neutrino masses: In our simplest model, there are three heavy Dirac neu-

trinos and three massless neutrinos because of the three singlet states we introduced 

[35, 36]. We can see them from the mass terms of the neutrinos (for simplicity, we 

only consider one family here and drop the family indices) 

\ (2.4.9) 

where mn = Av (Hg) "'O(mu,c,t), and Mv = A(N) "'O(MJ). One linear combi-

nation of V£ and S, V£ sine + s cos e, where tan e = F-, is married with VR and 
. D 

gets a large mass Jm'b + MlJ "'O(MI), which is consistent with experimental con-

straints [36]' and the other combination V£ cos e- s sine is left massless. However' 

it is possible to give the three light neutrinos small majorana masses which are 

favored to solve the solar neutrino problem by just adding some extra interactions 

to the superpotential of the model. For example, if we add to the superpotential 

the non-renormalizable interaction Ai: S2 N N which gives a small majorana mass 
. G 

term msS2 = .JG (N) (N)S2 to S, then the mass matrix of the fields V£, vR_, and S 
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becomes 

0 ffiD 0 

(2.4.10) 

The product of the three mass eigenvalues is given by det M = -m'bms, and the 

two larger masses are approximately equal to MD, so the mass of the light neutrino 

is approximate 

m'bms m'bMJ 
ffi[ight ~ MD2 rv M2 ~A" 

DlVlG 

(2.4.11) 

which is similar to that generated by the usual see-saw mechanism . 

. (3) b-r Yukawa unification: Because the U(1 )xis broken at low energy, there are 

extra interactions surviving at low energies compared with the MSSM. Especially 

the r-neutrino Yukawa coupling Avr which should be about the same as At at the 

GUT scale enters the RGE's of many parameters. The RGE for the b-r mass ratio 

R is modified to be 

(2.4.12) 

In the small tan j3 case where Ab and Ar can be neglected, the unification of b and 

T Yukawa couplings in SGUT requires a large top Yukawa coupling to compensate 

the contribution from the SU(3) gauge coupling. In our model the contribution of 

At is largely cancelled out by Avr, making it difficult to achieve the b-r unification 

for the top Yukawa coupling staying in the perturbative regime at the GUT scale. 

However, since the b- and T- Yukawa couplings are small, they do not necessarily 

come from a single renormalizable interaction of the form 163 10 163 in 50(10) and 
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therefore their unification is not mandatory. In the large tan f3 case where Ab and .A,. 

are comparable to At (which we will discuss in the next section), the terms 3.Al-3.A; 

in the RGE for R also contribute and make up the negative contribution from AvT 

(.Ab > .A,. below the GUT scale). In addition, the couplings between b and H 2 

through the bottom squark-gluino loops and top squark-chargino loops [37, 38, 39] 

could also give a significant contribution to R if tan f3 is large. Therefore, the b-T 

unification is possible in this case. 

2.5 Fine-tuning problem in the Yukawa unification 

. scenano 

Recently, the large tan f3 scenario in which the tau lepton and the bottom 

and top quark Yukawa couplings unify at the grand unification scale has drawn 

considerable interest [38, 40, 41, 42]. This happens in an 50(10) GUT if the two 

light Higgs doublets lie predominantly in a single 10 representation of the gauge 

group SO(lO) and the t, b, and T masses originate in the renormalizable Yukawa 

interactions of the form 163 10 163 . In this case, the top quark mass can also be 

predicted and it was predicted to be heavy [38]. In fact, such a heavy top quark has 

be found by the CDF and DO collaborations at the Fermilab[43, 44], mt = 180 ± 12 

GeV[22). The problem with this scenario is that radiative electroweak symmetry 

breaking is hard to achieve although significant progress has already been made 

[39, 42, 45, 46]. The masses of the up- and down-type Higgs are the same at M 10 
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because they lie in the same representation and run almost in parallel because of 

the boundary condition At(M10 ) = Ab(M10 ). Usually one relies on heavy gauginos to 

amplify the small hypercharge-induced difference in the running of m'1£
1 

and m'1£
2

• 

However, all these attemps require severe fine tuning of the parameters which we 

will explain below. 

The relevant part of the Higgs potential is given by 

Minimizing the Higgs potential we obtain the following condition~, 

Pi - tan2 f3p~ Mi 
tan 2 f3 - 1 = 2' 

-p-B 1 . 
Pi + p~ = 2 sm2{3. 

(2.5.2) 

(2.5.3) 

Mz 
In the case of At(M10 ) = ).b(M10 ), tan f3 ~ ~ "'0(50) ~ 1. We see that p~ ~ -~ 

for Pi not too large, then 

(2.5.4) 

where mA is the CP-odd scalar mass , m~ is the typical supersymmetric particle 

mass scale, ms "'max(m0 , M0 ), and tc represents the custodial symmetry breaking 

effects. Equation (2.5.4) tells us that both m~ and Mi are smaller than tern~, 

so there is an 0( tc) fine-tuning of the Z mass. In addition, writing m~ = tm~, 

t < tc ~ 1, we have 

-pB 1 . 1 t 2 -- = -sm2/3 ~ --:::::} -pB ~ --m5 . 
tm~ 2 tan f3 tan f3 

(2.5.5) 
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M2 
While f1 is typically of the order ms in order to satisfy fl~ = m'k

2 
+ 112 ~ -~, 

the B parameter which receives contributions from the gaugino masses and the soft 

SUSY-breaking trilinear scalar coupling A and therefore is also naturally of the 

order ms has to be fine-tuned to O(t~.Bms). The fine-tuning is at least one part 

in 103 and is much worse than the naive expectation t~.e· 

The U(1)x D term which gives the opposite contributions to m'k
1 

and m'k
2 

provides the desired ingredient to solve this problem (30, 39, 47]. One can either 

simply have m'fv =f. m~ at tree level (39] or have the difference mi, generated by 

radiative corrections as described in thelast section. However, the simple model 

discussed in the previous section gives a positive contribution to m'k
2 

and a negative 

contribution to m~1 which is incompatible with the fact that 11~ > fl~· We thus 

modify the model so that it has interactions )..k'vR_kSk' N, k = 1, 2, 3, instead of 

AkvR.kSkN. The S/'s are still standard model gauge group singlets, but carry 

U(1)x charge +10 (they may belong to the 126 of S0(10)). We also have to add 

S k
1 
(X = -10) to the JJ?.Odel in order to cancel the anomaly and we assume that 

they only have the U(1)x gauge.-'Interaction. The!!, the m'fv, instead of m~, is 

driven negative by the Yukawa interactions. The m~ = !(m'fv - m~) becomes 

negative in this case and therefore it gives the correct-sign D term contributions to 

m~1 and m~2 • Let 8m'k be the difference between m'k
1 

and m~2 generated by the 

renormalization group from Mcur toms without the D term correction. 

(2.5.6) 
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The parameter m~ = 11-i + 11-~ is now given by 

(2.5.7) 

where D = ( -~.r:n~) - ( +~m~) = -~m~ "' m~. For ms larger than Mz, m~ 

is naturally of the order m~ and the problem of a light m~ can be avoided. The 

fine-tuning problem of 11-B is also relieved though not totally eliminated as we can 

see from equation(2.5.5) that a fine tune of ta.!./3 "'0( 5~) is still required. However, 

it should be generic since a large pure number tan f3 has to be generated. 

( 

2.6 Conclusions 

It is well known that quark and lepton mass and mixing angle relations may 

provide evidence for grand unification. Although squarks and sleptons have yet to 

be discovered, mass relations amongst scalars provide a much more reliable test of 

unification than do the relations involving fermion masses. This is because chiral 

and gauge symmetry breaking effects mask the grand unified symmetry relations 

for the fermions, but are not present for the scalars. In this chapter we have derived 

several scalar mass relations which follow directly from the grand unified symmetry, 

and we have studied the reliability of such relations as a probe of supersymmetric 

unification. 

The small size of flavor-changing processes suggests that in models with weak-

scale supersymmetry the squarks of a given charge should be approximately degen-

erate. This has led to the speculation that squarks and sleptons of different charge 
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might also be degenerate. Although only a speculation, such a boundary condi

tion of universal scalar masses has become a ubiquitous feature of supersymmetric 

models and is incorporated in the minimal supersymmeric standard model. Since 

there are five types of quark and leptons, the quark and lepton weak doublets Q 

and L and the weak singlets uc ,De and Ec, such a boundary condition leads to four 

relations between the scalar masses. However, the origin of these relations is more 

a matter of simplicity than of any underlying fundamental principle. 

In this chapter we have derived mass relations, between scalars of a given 

generation, which result from the most general possible boundary condition that 

respects a grand unified symmetry. With SU(5) unification, the five types of quarks 

and leptons are unified into two irreducible representations ( Q, uc, Ec) and ( L, De), 

leading to the expectation of three mass relations, which are given in equation 

(2.2.14). However, these three relations involve a quantity T, which depends on 

the mass splitting of the Higgs scalars at the unification mass. It is likely that 

this mass splitting is small enough that the relations (2.2.14) with T = o· will 

result. However, if the mass splitting is very large there are only two mass relations 

between the scalar mass parameters of each of the light generations. These relations 

are given by eliminating T, and are given in equations (2.2.15). We believe that 

these relations must be correct in any grand unified theory which incorporates· the 

usual SU(5) group. If these relations are found to be incorrect, then it is unlikely 

that grand unification is correct. Although extra particles and interactions could be 

added to a grand unified theory to invalidate these mass relations, such particles and 
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interactions will lead to extra renormalizations of the weak mixing angle, upsetting 

the outstanding agreement between the theoretical prediction and the experimental 

value. 

Even if the parameter Tis large, a third mass relation can be derived because T 

can be evaluated by measuring the Higgs boson and third generation scalar masses. 

This mass relation is given in equation (2.2.18). 

If the quark and leptons are further unified, so that all five species of a gener-

ation are unified in a single representation, as occurs in 50(10) theories, a fourth 

mass relation is to be expected. This is written, ignoring T, in equation (2.3.1), as 
v L 

a relation between the masses of the two charged sleptons. This mass relation is 

likely to be the first which is subject to precise experimental test. If it were verified 

· it would provide striking support for 80(10) unification. However, unlike the two 

mass relations mentioned_ above, it is not a necessary consequence of 50(10) unifi-

cation. We have shown in this chapter that it is possible to have large corrections 

to this mass relation from U(1 )x D 2 interactions, either at tree level or by radiative 

corrections. 
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Chapter 3. 

Flavor mixing signal for realistic 

supersymmetric unification 
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3.1 Introduction 

It has recently been demonstrated that flavor and CP violations provide an 

important new probe of supersymmetric grand unified theories [6, 7, 8, 9]. These 

new signals, such as J.l ---+ e1 and the electron electric dipole moment de, are com

plementary to the classic tests of proton decay, neutrino masses and quark and 

charged lepton mass relations. The classic tests are very dependent on the flavor 

interactions and symmetry breaking sector of the unified model: it is only too easy 

to construct models in which these signals are absent, or unobservable. However, 

they are insensitive to the hardness scale, AH, of supersymmetry breaking. 1 On the 

other hand, the new flavor and CP violating signals are relatively insensitive to the 

form of the flavor interactions and unified gauge symmetry breaking, but are absent 

if the hardness scale, AH, falls beneath the unified scale, Ma. The signals are gen

erated by the unified flavor interactions leaving an imprint on the form of the soft 

supersymmetry breaking operators [25], which is only possible if supersymmetry 

breaking is present in the unified theory at scales above Ma. 

The flavor and CP violating signals have been computed in the minimal 5U(5) 

and 50(10) models for leptonic [6, 7, 8] and hadronic processes [9], for moderate 

values of tan/3, the ratio of the two Higgs vacuum expectation values. While rare 

muon decays provide an important probe of 5U(5), it is the 50(10) theory which 

is most powerfully tested. If the hardness scale for supersymmetry breaking is large 

1This is the highest scale at which supersymmetry breaking squark and gluino masses appear 

in the theory as local interactions. 
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enough, as in the popular supergravity models, it may be possible for the minimal 

SO(lO) theory to be probed throughout the interesting range of superpartner masses 

by searches for f-l ~ e1 and de. 

The flavor-changing and CP-violating probes of SO(lO) are sufficiently powerful 

to warrant an exploration of consequences for non-minimal models, which is the 

subject of this chapter. In particular, we study SO(lO) theories in which 

(I) The Yukawa interactions are non-minimal. 

In the minimal model the quarks and leptons lie in three 16's and the two 

Higgs doublets Hu and Hv lie in two 10 dimensional representations lOu and lOv. 

The quark and charged lepton masses are assumed to arise from the interactions 

16..\ul6 lOu+ 16..\vl6 lOv. This model is a useful fiction: it is very simple to work 

with, but leads to the mass relation mefmJ.I = md/ms, which is in error by an order 

of magnitude. It is clearly necessary to introduce a mechanism to insert SO(lO) 

breaking into the Yukawa interactions. The simplest way to achieve this is to assume 

that at the unification scale, Me, some of the Yukawa interactions arise from higher 

dimensional operators involving fields A which break the SO(lO) symmetry group. 

This implies that ..\u,v ~ ..\u,v(A). Every realistic model of SO(lO) which has been 

constructed has this form; hence one should view this generalization of the minimal 

model as a necessity. 

(II) The ratio of electroweak VEV's, tan f3 = vu fvv, is allowed to be large, 

~ mt/mb. 
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This is certainly not a necessity; to the contrary, ·a simple extrapolation of 

the results of [7] to such large values of tan f3 suggests that it is already excluded 

by the present limit on J-L --t e1. The case of large tan f3 in 50(10) has received 

much attention [5, 38, 39, 40, 41] partly because it has important ramifications for 

the origin of mtf mb = ( >..tf Ab) tan f3. To what extent is this puzzling large ratio 

to be understood as a large hierarchy of Yukawa couplings, and to what extent in 

terms of a lar~e value for tan (3? If the third generation masses arise from a single 

interaction of the form 163 163 10 it is possible to predict mt using mb and m" as 

input [40], providing the theory is perturbative up to Ma. The prediction is 175± 10 

GeV [38], and requires tan f3 ~ mt/mb. In this chapter we investigate whether this 

intriguing possibility is excluded by the J-L --t e1 signal; or, more correctly, we 

determine whether it requires a soft origin for supersymmmetry breaking, makin.g 

it incompatible with the standard supergravity scenario [15, 16, 17]. 

In the next section we show that 50(10) models with ..\ --t .X(A) possess new 

gaugino mixing matrices in the up-quark sector, which did not arise in the minimal 

models. In section 3.3 we set our notation for the supersymmetric standard model 

with arbitrary gaugino mixing matrices, and we show which mixing matrices are 

expected from unified models according to the gauge group and the value of tan (3. 

In section 3.4 we describe the new phenomenological signatures which are generated 

by the gaugino mixing matrices in the up sector; these signatures are generic to all 

models with Yukawa interactions generated from higher dimensional operators. The 

consequences of large tan f3 for the flavor and CP violating signatures are analyzed 
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analytically in section 3.5 and numerically in section 3.6. The analysis of the first 

five sections applies to a wide class of models. In section 3. 7 we illustrate the results 

in the particular models introduced by Anderson et al. [5]. As well as providing 

illustrations, these models have features unique to themselves. Conclusions are 

drawn in section 3.8. 

3.2 New flavor mixing in the up sector 

In [6, 7, 8, 9] flavor and CP violating signals are studied in minimal 5U(5) and 

50(10) models with moderate tan j3. In these models the radiative corrections to 

the scalar mass matrices are dominated by the top quark Yuka~a coupling At of the 

unified theory, so the scalar mass matrices tend to align with the up-type Yukawa 

coupling matrix and all non-trivial flavor mixing matrices are simply related to the 

KM matrix. However, as mentioned above, the minimal models do not give realistic 

fermion masses. One has to insert 50(10) breaking into the Yukawa interactions. 

The simplest way to achieve this is to assume that the light fermion masses come 

from the non-renormalizable operators 

(3.2.1) 

where the 16i's contain the three low energy families, 10 contains the Higgs dou-

blets, and A's are adjoint fields with VEV's which break the 50(10) gauge group. 

After substituting in the VEV's of the adjoints, they become the usual Yukawa in-

teractions with different Clebsch factors associated with Yukawa couplings of fields 
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with different quantum numbers. For example in the models introduced by Ander-

son et al. [5], (hereafter referred to as ADHRS models) 

0 zuC 0 0 ZdC c 0 ZeC 0 

:Au= z'C u YuE xuB ,:Av = z' d YdE X dB ,:AE= z'C e YeE XeB 

0 x' B u A 0 xdB A 0 x' B e A 
(3.2.2) 

where the x, y, z's are Clebsch factors arising from the VEV's of the adjoint fields. 

Thus realistic fermion masses and mixings can be obtained. 

The radiative corrections to the soft SUSY-breaking operators above Me are 

now more complicated. From the interaCtions (3.2.1) the following soft supersym-

metry breaking operators are generated: 

(3.2.3) 

where <Pi, </>j are scalar components of the superfields, and Aij(A) are adjoint de-

pendent couplings, -\(A) = ,\' ~ ... ~:. After the adjoints take their VEV's, the 

m~e(A) become the usual soft scalar masses. If we ignore the wavefunction renor-

malization of the adjoint fields (which is valid in the one-loop approximation), this 

is the same as if we had replaced the adjoints by their VEV's all the way up to the 

ultraheavy scale where the ultraheavy fields are integrated out, and treated these 

nonrenormalizable operators as the usual Yukawa interactions and scalar mass op-

erators. This is a convenient way of thinking and we will use it in the rest of the 

chapter. 

Above the GUT scale, in addition to the Yukawa interactions which give the 
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fermion masses 

(3.2.4) 

the operators ( 3.2.1) also lead to 

(3.2.5) 

where Hu3 , Hv3 are the triplet partners of the two Higgs doublets Hu and Hv. 

Each Yukawa matrix has different Clebsch factors associated with its elements, so 

. they can not be diagonalized in the same basis. The scalar mass matrices receive 

radiative corrections from Yukawa interactions of both (3.2.4) and (3.2.5), which, 

in the one-loop approximation, take the form 

Am2v 2 '\ t '\ + '\ t '\ + ? d '\ u CX: ADAD AndAnd ~AudAud, 

(3.2.6) 

In the minimal SO(lO) model, scalar mass renormalizations above MG arise from a 

single matrix .Xu. It is therefore possible to choose a "U-basis" in which the scalings 

are purely diagonal. This is clearly not possible in the general models. All scalar 

mass matrices and Yukawa matrices are in general diagonalized in different bases. 
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Therefore, fl.avor mixing matrices should appear in all gaugino vertices, including 

in the up-quark sector (where they are trivial in the minimal models studied in 

[6, 7, 8, 9]). The up-type quark-squark-gaugino flavor mixing is a novel feature of 

the general models. Its consequences will be discussed in Sec. 3.4. Also, the fl.avor 

mixing matrices are no longer simply the KM matrix. They are model dependent 

and are different for different types of quarks and charged leptons, and are fully 

described in the next section. 

3.3 Flavor mixing matrices in general supersymmetric 

standard models. 

In this section we set our notation for the gaugino fl.avor mixing matrices in 

the supersymmetric theory below Ma, taken to have minimal field content. We also 

give general expectations for these matrices in a wide variety of unified theories. 

The most general scalar masses are 6 x 6 matrices for squarks and charged 

sleptons and 3 x 3 matrix for sneutrinos, 
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(Cu + >..uf.L cot fJ)vu) ' 

m2 
UR 

(~v~ >.v: tan f3)vv ) ' 

mvR 

{ (E + AE: tan f3)vv) ' 

mER 

(3.3.1) 



for the left-handed and right-handed squarks and sleptons, and (u, (v, (E are the 

trilinear soft SUSY-breaking terms. To calculate flavor-violating processes, such as 

p, -+ e1, one can diagonalize the mass matrix m1 by the 6 x 6 unitary rotation 

matrix VE and m~ by the 3 x 3 unitary rotation V~.~, 

(3.3.2) 

where m1, m~ are diagonal._ .. The amplitude for f..L -+ e1 is given by the diagrams in 

Fig. 3.1, summing up all the internal scalar mass eigenstates. 

(a) 
I 

~ - -. e· _,. """-
/- \. 

(b) 

I \ 

e 

I 

I 

/ 

....... 
/" 

Xc 

v· 
' -' 

I 

Figure 3.1: Feynman diagrams contributing to f..L-+ e1. 

'\. 
\ 

If the entries in the scalar mass matrices are arbitrary, they generally give un-

acceptably large rates for flavor-violating processes. From the experimental limits 

one expects that the first two generation scalar masses should be approximately 

degenerate and the chirality-changing mass matrices (A should be approximately 

proportional to the corresponding Yukawa coupling matrices AA. In this chapter 

we treat the chirality-conserving mass matrices and chirality-changing mass matri-

ces separately, i.e., the mass eigenstates are assumed to be purely left-handed or 
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right-handed, and the chirality-changing mass terms are treated as a perturbation. 

This may not be a good approximation for the third generation where the Yukawa 

couplings are large, the correct treatment will be used in the numerical studies of 

Sec. 3.6. The superpotential contains 

(3.3.3) 

where >..u, >..n, >..E are the Yukawa coupling matr.ices which are diagonalized by the 

left and right rotations, 

(3.3.4) 

The soft SUSY-breaking interactions contain 

(3.3.5) 

Because the trilinear terms should be approximately proportional to the Yukawa 

couplings, we write 

( = (o + L1( = A>. + L1(, (3.3.6) 

where the universal A term (and also the J.l parameter) are assumed to be real 

in order to avoid the SUSY CP problem. The soft-breaking mass matrices are 
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diagonalized by:2 

(3.3.7) 

(3.3.8) 

In the mass eigenstate basis the rotation matrices V, U appear in the gaugino cou-

plings, 

£ 9 = h,g' t [- ~eLWt hNn(Hn.B +cot 8wHn;;;3 ) + e£WkReRNnHn.B 
n=l 

t 1 1 - t- 1 1 
+ uLWuL ihNn(6HnB + 2cot OwHn;;;) + dLWvLdLNn(6HnB-:- 2,cot8wHn;;;J 

- ~U£WJRuRNnHnB + ~d£W};RJRNnHnB + h.c.] 
2 

+ g 2::[eL wt iiL(xJ<c;;;) + iheL(x~I<;;;;) 
c=l 

(3.3.9) 

where3 the neutralino and chargino mass eigenstates are related to the gauge eigen-

WEL ·= ulvEL, WER = utvER, WuL = UbVuL, WvL = UbVvL, 
2Here we ignore the SU(2) x U(l) breaking contribution to the scalar masses. Otherwise there 

should be different rotation matrices diagonalizing up and down left-handed squark mass matrices. 
3 Neutrino masses are not discussed here and we choose the neutrino to be in the sneutrino 

mass eigenstate basis. 
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There are also non-diagonal chirality-changing mass terms 

+ h.c. (3.3.10) 

The lepton flavor-violating (LFV) couplings are summarized in Fig. 3.2. 

(a) I e;R (b) I eiL (c) I lliL 

~ .... ... ~ ~ ~ 
c 

ejL Nn ejL l\Tn ejL Xc 

i,J2g' HnB l-i"f£Ri] -~,J2g'(HnB + cot8wHnu,3 )T..Y£Lii igH sHcu.W£ . n L•J 

(d) (e) 
--o---- ------eiL e;R eiL e;n 

-i(AE + JL tan,B)(W_ER.AEW_t)ijVD i( U'f:b.(EUL)ijVD 

Figure 3.2: Lepton flavor-violating couplings in general supersy:q:tmetric standard 

models. 

- . 

In the rest of this section we discuss the flavor mixing matrices in the minimal 

supersymmetric standard model, minimal and general SU(5) and SO(lO) models, 

with moderate or large tan {3. The results are summarized in Table 3.1. 
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For the minimal supersymmetric standard model, the radiative corrections to 

the soft masses only come from the Yukawa interactions of the MSSM: 

.6.m2 t t 
Q <X >..u>..u + K>..n>..v, 

.6.m2 u <X 2>..h>..u, 

bomb <X 2>..b>..n, 

.6.m2 t 
L <X >..E>..E, 

b.m~ <X 2>..E>..1. (3.3.11) 

We have assumed a boundary condition on the scalar mass matrices m~ <X I at 

Mp£, and K =/= 1 represents the possibility that the proportionality constants are 

not universal. For moderate tan/3, At ~ Ab so that the radiative corrections are 

dominated by At. Thus one can neglect the >..n contribution and the only nontrivial 

mixing is WnL· For large tan/3, At and Abare comparable, so mb will lie between 

>..u>..h and >..n>..b. Therefore both WuL and WnL are non-trivial. 

For the minimal SU(5) model, there are only two Yukawa matrices, >..u 

50 



(3.3.12) 

For moderate tan /3, At ~ >.b, we have non-trivial mixings for WoL and WER' as 

found in [6, 7). For large tan /3, >..o can not be ignored, giving non-trivial mixings 

for WuL and Wuw 

For the minimal SO(lO) model considered in [7, 8], 

~m~ ex 5>..u>..h + 5~~:>..v>..b, 

~mb ex 5>..h>..u + 5~~:>..b>..o, 

~mb ex 5>..h>..u + 5~~:>..b>..o, 

~mi ex 5>..h>..u + 5~~:>..b>..o, 

~m~ ex 5>..u>..h + 5~~:>..v>..b. (3.3.13) 

We have non-trivial mixings WoL, WoR, WEL' and WER for moderate tan/3 and 

non-trivial mixings for all W's for large tan /3. 

For the general SU(5) or SO(lO) models, defined in the last section, we get 

non-trivial mixings for all mixing matrices in general. However, in SU(5) models 

with moderate tan /3, the splittings among mb and ml, are too small (because they 

are generated by the small >..5 (A)) to give significant flavor-changing effects. 

One might expect that the mixing in the Wu's are smaller than those in the 

Wo's because of the larger hierarchy in >..u compared with >..o. However, a given W 

is the product of a ut (which diagonalizes the scalar mass matrix) and a V (which 

diagonalizes the Yukawa matrix). Even ifthe mixings in Vu's are smaller than those 
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in Vv 's because of the larger hierarchies in >..u, we do not have a general argument 

for the size of ·mixings in U matrices. This is because U diagonalizes (appropriate 

combinations of) known Yukawa matrices and unknown Yukawa matrices appearing 

above the GUT scale, (3.2.5). The rnixings in ut and· V can add up or cancel each 

other. Our only general expectation is that these new Yukawa matrices have similar 

hierarchical patterns as >..u or >..v. Without a specific model, one can at most say 

that all non~trivial W's are expected to be comparable to VKM; the argument that 

the rnixings in Wu's should be smaller than is Wv's is not valid. 

In the minimal models at moderate tan ,8, the leading contributions to flavor-

changing processes, such as J.l -+ e1, involve diagrams with a virtual scalar of the 

third generation. Although such contributions are highly suppressed by mixing 

angles, they dominate because they have large violations of super-GIM[48]: the 

top Yukawa coupling makes m-:; very different from me-, m;. At large tan ,8, the 

strange/muon Yukawa couplings get enhanced, so the splitting between me- and 

m; increases, leading to potentially competitive contributions to flavor changing 

processes which do not involve the third generation. The importance of these new 

diagrams can be estimated by comparing the contributions to .6.m~1 (in a basis 

where gaugino vertices are diagonal) when the super-GIM cancellation is between 

scalars of the first two generations ( 2-1) and third generations ( 3-1): 

(3.3.14) 

We can see that for large tan ,8 (or any tan ,8 with small As corning from the 
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SU(5) 50(10) 

MSSM Minimal general minimal general 

1:::1 ~I ~ I~ I ~ I~ I 
WuL • • y' • y' 

WnL y' y' y' y' y' 

WuR - • y' • y' 

WnR - - v'* y' y' 

WEL - - v'* y' y' 
'\ 

WER - y' y' y' y' 

Table 3.1: Summary table for the flavor mixing matrices. 

8m~ : important effects due to some third generation scalars not degenerate with 

those of first two generations. 

8m~ : non-negligible effects due to nondegeneracy of the first two generation scalars. 

Wi : fermion i and scalar I are rotated differently to get to mass basis. 

y': present for any value of tan ,8. 

• : present only for large tan ,8. 

o : present for large tan ,8, but model dependent for moderate tan ,8. 

-: not present. 

* : although present, its effect for moderate tan ,8 on flavor violation is small due 

to the small non-degeneracy among different generation scalars. 
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mixing of Higgs at Me i.e., As(Mc) = t':/ A2(Mc)), this could be comparable to the 

flavor violating effects from the large splitting of the third generation scalar masses. 

However, for the J.l --+ e1 in 50(10) models, it does not contribute to diagrams 

which are proportional to mn (because it does not involve the third generation 

scalars), the dominant contributions are still those diagrams-considered in [7). For 

flavor-changing processes which do not need chirality flipping, such as]{ -I< mixing, 

and all flavor-changing processes in SU(5) models, this non-degeneracy between the 

first two generations is important. The above discussion is summarized in Table 

3.1. 

3.4 Phenomenology from up-type mixing 

As discussed in the previous section, unlike the minimal models with moderate 

tan/3 studied in [6, 7, 8, 9) in generic GUT's (for any tan/3) and even for minimal 

GUT's (at large tan {3), we expect mixing matrices in the up sector. Having mo

tivated an origin for non-trivial up mixing matrices WuL(R) =f. 1, w~ consi4er some 

effects they produce. In the following we simply assume some WuL(R) at the weak 

scale and consider their phenomenological consequences. (See however section 3.5 

and the appendix A for a discussion of the scaling of mixing matrices from GUT 

to weak scales.) In particular we discuss D - lJ mixing, corrections to up-type 

quark masses, contributions to the neutron electric dipole moment ( e.d.m.) and 

the possibility of different dominant proton decay modes than those expected from 
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minimal models. 

3.4.1 D- D mixing 

To get an idea for the contribution of up-type mixing matrices to D- fJ mix-

ing, we follow [49, 50] and employ the mass insertion approximation. The bounds 

obtained from D - fJ mixing on the 6 x 6 up-squark mass matrix 

(in the basis where gluino and Yukawa couplings are diagonal) are summarized in 

[50]. For average up-squark mass of m = 1 TeV, they are 

(3.4.1) 

:::; 0.06. (3.4.2) 

Consider first (3.4.1). In the last section we estimated that the contribution to mi2 

from the slight non-degeneracy between the first two generation scalars is generically 

at most comparabale to that from the non-degeneracy between the first two and 

third generation scalars. Thus, for our calculation, we only consider the contribution 

from the splitting between first two and third generation scalars. Then, for A = L, R 

(3.4.3) 

We see that for W's of the same size as the corresponding KM matrix elements, the 

left hand side of (3.4.1) is of order 4 x 10-4 , and the bound is easily satisfied. Turning 
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to (3.4.2), note that if Cu = A..Xu, mu2 = 0. However, we expect Cu = A..Xu+~Cu, 
LR12 

with ~Cu induced in running from MPL to Me having primarily a third generation 

component in the gauge eigenstate basis. If all relevant mixing matrix elements are 

of order the KM matrix elements, we expect ~m~f12 l = 0 (j'k~tvtdvtsl). Again, 

we see that the bound (3.4.2) is generically easily satisfied, and thus we do not in 

general expect significant contributions to D - lJ mixing. 

3.4.2 Weak-scale corrections to up-type quark masses 

It is well known that there are important weak-scale radiative corrections to 

the down quark mass matrix proportional to tan (3 [37, 38, 39, 51, 52]. In general 

unified models, with non-zero Wu, there are also important weak scale corrections 

to the up quark mass matrix. 

From the diagram in Fig. 3.3, we have a contribution to up-type masses pro-

portional to mt. We find, again assuming degeneracy between the scalars of the 

first two generations, 

(3.4.4) 

where 

- ml h(x,y) = _1_ [xlnx- ylnyl· 
Xi= M-2' - x-y 1-x 1-y 

g 

(3.4.5) 

The largest fractional change in the mass occurs for the up quark. If WuL(R)
31 

is 

comparable to the corresponding KM matrix element, the contribution to Amy is 
mu 
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Figure 3.3: Corrections to the up-type quark mass matrix, proportional to mt. 

not significant. However, if each of the WuL(R)31 are a factor 3 larger than the 

corresponding KM elements we can get sizable contributions. In Fig. 3.4, we plot 

. 6.m." in ~-~ space where we have assumed m- = m- = m-· m- . = m- = m-
mu Mg mu ' uL UR u' tL tR t' 

and we have put IWuL31 I = IWuR31 1 = 1/30, (A+ J.tCot/3)/m;= 3. Any deviations 

from these values can simply be multiplied in ~mu/mu. In some regions of the 

parameter space it is possible to get the entire up quark mass as a radiative effect. 

More on radiatively generated fermion masses will be discussed in the next chapter. 

3.4.3 Neutron e.d.m. 

If we attach a photon in all possible ways to the diagram giving the contribution 

to u-quark mass, we get a contribution to the u-quark e.d.m., which is proportional 

to mt for any value of tan/3. Evaluating the diagram, we find 

du = elF I sin <Pu (3.4.6) 
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where 

- g( X) - g(y) 1 2 G2 (x,y)= , g(x)=
2
( )3 [x -1-2xlnx], 

x-y x-1 
(3.4.8) 

and 

(3.4.9) 

In general we expect a large non-zero sin <Pu- If the combination of W's appearing 

in the above is comparable to the combination giving a down quark e.d.m., the 

u-quark contribution will dominate over the d-quark contribution to the neutron 

e.d.m. considered in [8] by a factor 4m~:m.a, (the factor 4 comes from the quark 

model result dn = 4/3dd- l/3du)· Hence, the neutron e.d.m. may be competitive 

with J.L ---+ e1 and de as the most promising flavor-changing signal for supersymmetric 

unification. 

3.4.4 Proton decay 

Finally we turn briefly to the relevance of up-type mixing matrices for proton 

decay; in particular to the important question of the charge of the lepton in the 

final state. We know that upon integrating out the superheavy Higgs triplets we can 

generate the baryon number violating operators 21-tH ( QQ)(QL) and ~H (EU)(DU) 

in the superpotential. These operators must subsequently be dressed at the weak 
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scale in order to obtain four-fermion operators leading to proton decay. The dress

ing may be done with neutralinos, charginos or gluinos where possible. Since 

the dressed operator grows with gauge couplings and vanishes for vanishing neu

tralino/chargino/gluino mass, one might naively expect gluino dressing to be most 

important. However, if the up-type mixing matrices are trivial, gluino dressed op

erators can only lead to proton decay with a neutrino in the final state. To see 

this, we examine each operator separately: ( eua)( dbuc)Eabc (where a, b, c are color 

indices) must involve u's from two different generations because of the Eabc_ One 

of them has to be a u, so the other is a c or a t. If there is no up mixing, the 

up flavor does not change in the dressing process, so the final state would have 

to contain a c or a t. Since mt, me > mp, this can not happen. Next, consider 

(QQ)(QL) = u£di(ul,eL- dL,vL)tabc· By exactly the same argument as the above, 

the u£diuL,eLf.abc operator can not contribute to proton decay. Thus, we see that 

in the absence of mixing in the up sector, gluino dressing can only give neutrinos 

in the final state. However, the above arguments break down if up-mixing matri

ces are non-trivial, since gluino dressed diagrams give a significant contribution to 

the branching ratio for charged lepton modes in proton decay. A detailed study 

of flavor mixing in the up sectbr [53] concludes that, whether the wino or gluino 

dressings are dominant, the muon final state in proton decay is of greatly enhanced 

importance. Without the mixings, _one expects ?&:r;;:;/ ~ 10-3
. The up mixing 

in general models increases this by 0(100) making the mode p---+ I< 0 p+ a favorable 

one for discovery of proton decay. 
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3.5 Large tan /3: analytic treatment 

The large tan (3 scenario is interesting for a number of reasons. For moderate 

tan (3, the only way to understand mt ~ mb, mT is to have At ~ Ab, AT at the weak 

scale. This gives us little hope of attributing a common origin to third generation 

Yukawa couplings at a higher scale. However, for large tan (3 "' 0 ( ;:;) , the weak 

scale At, Ab, AT are comparable and the above hope is restored. (In fact it is realized 

in 50(10) models like the ADHRS example outlined in section 3.7). For us, this 

is sufficient motivation to study the large tan (3 case in more detail. Also, this case 

was not studied in [7]. We shall see that unexpected new features arise in the large 

tan (3 limit. 

The largest contribution to the J.L --+ e1 amplitude comes from the diagram 

with L- R scalar mass insertion (Fig. 3.5). In the L- R insertion approxi~ation, 

f.LL 

p tan f3mT 
--<>-

/ ' 
e;L / '\ eiR 

( \ 
I • )( ._ 

Figure 3.5: The diagram which gives the dominant contribution to f.L --+ e1 in the 

large tan (3 limit. A photon is understood to be attached to the diagram in all 

possible ways. 
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the amplitude for Jl.L(R) decay is 

where 

(3.5.1) 

Note, however, that for large tan j3 the L- R insertion approximation may be a 

bad one, since the chirality-changing mass for the third generation becomes com-

parable to the chirality conserving masses. A correct treatment will be used for 

the numerical analysis in the next section. We still expect, however, that the am-

plitude to be proportional to WE32 WE31 because of the unitarity of the mixing 

matrices: the sum of contributions from the first two generations is proportional 

generation is itself proportional to w3iw;j. 

Two simplifications in the dependence of the J1. -+ e1 rate on parameter space 

occur for large tan/3. First, since the dominant diagram involves the L-R insertion 

(A+ J1. tan f3)mt, and since tan j3 is large, the amplitude does not depend on the weak 

scale parameter A. Second, in the large tan/3 limit, the chargino mass matrix is 

Mx = ( M2 ..fiM-~:in {3) ---t ( M02 
V2Mwcosj3 ,.., 

..fiMw)' 

-p 
(3.5.2) 
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and the parameters M2 , p have a direct interpretation as the chargino masses. (Note 

that this assures us that p tan f3 will likely always be much bigger than A; for a tan f3 

of 50, the LEP lower bound on chargino mass of 45 GeV tells us that p tan f3 > 2 

Te V, so for A to be comparable to p tan j3 we must have A > 2 Te V.) 

In considering p --+ e1 for large tan /3, two factors come immediately to mind 

which tend to (perhaps dangerously) enhance the rate over the case with moderate 

tan {3. 

(i) As we have already mentioned, the dominant contribution top --+ ej grows 

with tan /3; the diagram in Fig. 3.5 is proportional to tan /3, a factor of 900 in the 

rate for tan f3 = 60 compared to tan f3 = 2. 

(ii) For large tan /3, .>.T can be 0(1) and we can not neglect its contribution 

to the running of the slepton mass matrix from Me to Ms (soft SUSY breaking 

scale). This scaling generally splits the third generation slepton mass even further 

from the first two generations, meaning a less effective super-GIM mechanism and 

a larger amplitude for p --+ e1. 

While both of the above effects certainly exist, there are also two sources of 

suppression of the amplitude for large tan /3, which can together largely compensate 

for the above factors: 

(i)' Large tan f3 allows .At to be smaller than for moderate tan/3. There are two 

reasons for this. First, large tan f3 allows vu to be larger and so .At can be smaller 

to reproduce the top mass. Secondly, b- r unification [3] is achieved with a smaller 

63 



.>.T in the large tan /3 regime [38, 39]. Since At is smaller, a smaller non-degeneracy 

between the third and first two generations is induced in running from MPL to Ma, 

suppressing the amplitude compared to the moderate tan /3 case. 

(ii)' In comparing large and moderate tan/3, we must know how the mixing 

matrices WL,R3 ; (appearing at the vertices of the diagrams responsible for J.L---+ e1) 

compare in these two cases. In the moderate tan/3 minimal models discussed in [7], 

WL,R3 ; were equal to the corresponding KM matrix elements VKM3 i at Ma, and this 

equality was approximately maintained in running form Ma to Ms. As discussed in 

the previous sections, for more general models one expects that the WL(Rh; at Ma 

are equal to VKM3 i at Ma up to some combination of Clebsches. One might then 

expect (as in the minimal models) that this relationship continues to approximately 

hold at lower scales. In fact for large tan /3 this expectation is false. We find that 

often, the WL(R)3i decrease from Ma to Ms, overcompensating for the increased 

non-degeneracy between the third and first two generation slepton masses induced 

by large .>.T (point (ii) above). 

In the following, we examine the scaling of these mixing matrices in detail. 

Consider first the lepton sector. The RGE for >..s (in the following t = In(:l:ts>) is 

(3.5.3) 

giving 

(3.5.4) 

(3.5.5) 
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These in turn imply that the basis in which ..xk..xe is diagonal, and the (in general 

different) basis where ..Xe..\1 is diagonal, do not change with scale. Consider now 

the evolution of the left handed slepton mass matrix ml,. The RGE for ml, is 

(3.5.6) 

In the basis where ..xk..xe is diagonal, keeping only the A7 contribution, the 3i entry 

( i # 3) becomes: 

(3.5.7) 

In this basis, we have ml, = Wlmi WL. (Here and in the remainder of this section, 

we abbreviate WeL(R) -+ WL(R))· Assuming degeneracy between scalars of the first 

becomes 

(3.5.8) 

For now, we ignore the (CkC~hi term in (3.5.8), yielding the solution: 

(3.5.9) 

where 

[tG ln(Ma/Ms) 
Ii - lo dt>,Ht), ta = 1671"2 . (3.5.10) 

Thus, 

(3.5.11) 
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Similarly, we find 

(3.5.12) 

Note that, generically the quantities ~mt<Rl~:G: are smaller than one, since the third 
mL(R) S 

generation mass gets split even further from the first two generations in running 

from Ma to Ms. Thus, we find that the WL(Rb get smaller in magnitude as we 

scale from Ma toMs, in contrast with the KM matrix elements VKM3i, which scale 

as 

(3.5.13) 

Suppose that at Ma the WL(R) are related to VKM through some combination of 

Clebsches determined by the physics above the GUT scale. 

(3.5.14) 

This relationship is not maintained at lower scales; instead we have: 

W t W ·(M ) - D.mi(Ma) -(IT+lt+h) . u. ·(M ) 
£33 L3t s - D.mi(Ms) e z,L v:nM3t s , (3.5.15) 

W t W ·(M ) _ D.mk(Ma) -(2Idlt+h) . u. ·(M ) 
R33 R3t s - D.mk(Ms) e ztR v:nM3t s . (3.5.16) 

The dominant contribution to the J.l ~ e1 rate is proportional to 

IW133WL32w_,b3wR3I(Ms)l 2 + IW133WL31wkswR32(Ms)l 2, giving 

B( 11 ~ e"~) = [D.mi(Ma) D.m1(Ma)l
2 

e-(6IT+4lt+4h) x (lz z 12 + lz z 12) 
r I D.mi(Ms) D.mk(Ms) 2L 1R 1L 2R 

(3.5.17) 
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This c represents a possibly significant suppression of the rate for large tan (3. 

At this point, the re~der may object: it is true that the WL(R)3 i decrease from 

Mo toMs, but as already mentioned, the non-degeneracy between the third and first 

two generations is increasing. Which effect wins? We argue that in general there is a 

net suppression. This is easiest to see if in computing the J.L --+ e1 amplitude, we use 

the mass insertion approximation rather than mixing matrices at the the vertices 

(Fig. 3.6). Although this may be a poor approximation, it serves to illustrate our 

... X .. 

Figure 3.6: The dominant diagram (for p, --+ e1) in the mass insertion approxima-

tion. 

point. (Of course no such approximation is made in our numerical work.) From 

the diagram it is clear that the amplitude is proportional to mL32mJ:m(Ms). From 

(3.5. 7), we see that the rate scales as 

(3.5.18) 

a net suppression. In the mass insertion approximation, then, the terms ~:~~~~~ in 

(3.5.17) serve to exactly compensate for the increased non-degeneracy between m1 
eL 

and m1 ; what remains is still a suppression. This, together with (i)' invalidates 
'TL , 

the naive expectation that the theory is ruled out in most regions of parameter 
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space due to the enhancing factors (i) and (ii), (although there are still stringent 

constraints on the parameter space). 

The above analysis suggests that individual lepton number conservation is an 

infrared fixed point of the MSSM (whereas individual quark number conservation 

is an ultraviolet fixed point). A more complete analysis of scaling for the lepton 

sector and a discussion of scaling in the quark sector is presented in the appendix 

A. 

3.6 Large tan(J: numerical results 

The amplitude for J-L ~ e1 depends on the 6 x 6 slepton mass matrix M 2 • In 

the basis where mi, mk are diagonal, we have 

(3.6.1) 

where in the large tan f3 limit, Di == -(T3i - Qi sin2 Ow )Mi is the D term contri-

bution, and kii = J-Lm7 tanf3WL3iWR3i· The amplitude from Fig. 3.1 for J-LL decay 

IS 

where 

2 - (G2(M
2
)LL G2(M

2
)LR) 

G2(M) = , 
G2(M2)RL G2(M2)RR 

(3.6.3) 

In [7], M 2 was approximately diagonalized by the J-Lm7 tan f3 insertion approxima-

tion, and G2 (M2
) was calculated using this approximate diagonalization. Since here 
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tan f3 is large, we wish to avoid making such an approximation, and numerically di

agonalize the full 6 x 6 M 2
• 

Faced with a rather large parameter space, we must decide which parameters 

to use in our numerical work. We have firstly decided to do our analysis only for 

large tan f3, since the moderate tan f3 scenario has been covered in [7]. Secondly, 

we choose to present our results in a different way than in [7], ·where the rates 

for J.l -+ e1 were plotted against a combination of Planck scale and weak scale 

parameters. In our work, we compute J.l -+ e1 entirely in terms of weak scale 

parameters. In particular, we assume that the necessary condition for a significant 

J.l -+ e1 rate exist at the weak scale, namely non-trivial mixing matrix WL,R3 ; 

and non-degeneracy between third and first two generation slepton masses. In the 

previous sections, we have shown a possible way in which these ingredients may be 

produced. Our plots for J.l -+ e1 rates are made against low energy parameters, 

and we separately plot the regions in low energy parameter space predicted by 

our particular scenario for generating J.l -+ e1. This way, our plots are in terms . 

of experimentally accessible quantities and can be thought of as constraining the 

parameter space of the effective 3-2-1 softly broken supersymmetric theory resulting 

from the spontaneous breakdown of a GUT. (We use the GUT to relate weak 

scale gaugino masses.) Our low energy plots have no dependence on the physics 

above the GUT scale, all the model dependence comes into the predictions for· low 

energy parameters the GUT makes. If the predicted region of low energy parameters 

corresponds to a J.l -+ e1 rate exceeding experimental bounds, the theory is ruled 
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out. 

There is a more practical reason for working directly with low-energy parame-

ters specific to large tan /3: the well known difficulty in achieving electroweak sym-

metry breaking in this regime. Working with high energy parameters, and imposing 

universal scalar masses necessitates a fine-tune to achieve SU(2) x U(l) breaking. 

However, we have nowhere in our analysis made the assumption of universal scalar 

masses, hence the Higgs masses and squark/slepton masses are independent in our 

analysis, and therefore the p parameter is not tightly constrained by squark/slepton 

masses. Working with weak scale parameters allows us to assume that the desired 

breaking has occurred without having to know the details of the breaking. 

With the aforementioned assumption about the existence of a GUT, and assum-

ing degeneracy between the first two generations, the rate for p -+ e1 depends on 

the weak scale parameters p, tan /3, M 2 , m!. , m!. , m!. , m!. , WL3i, WR3i· We know 
eL TL eR TR 

that the amplitude depends on WL(R) 3i simply through the product WL3iWR3j, 

so .for normalization in our plots we put WL(R)3i = VKM3i· Any deviation from 

this can be simply multiplied into the rate. We also fix tan /3 = 60, and put 

m:;:L(R) = m-;L(R) - .6.L(R)· Next, we use some high energy bias to relate m-;L and 

m-;R: we assume that their difference is proportional to M 2 ( as would be the case 

if they started out degenerate and were split only through different gauge interac-

tions), so we put m-;L = m-;R- rM2. In all specific models we have looked at, r is 

small (less than about 0.2). We find that, as long as r is small, the rate has little 

dependence on its exact value, so we put r = 0, m-;L = m-;R = m-;. We also found 
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that as long as ~ is close to 1, there is little dependence on its actual value either, 

so we put .6..L = .6..R = .6... 

Now, the p --+ e1 rate depends only on p,, M2 , m-; and .6.., and we have the 

large tan f3 interpretation of p, and M 2 as chargino masses. Fixing m-; = 300 Ge V, 

we make contour plots of B(p, --+ e1). The rate scales roughly as m-;-4 and p,2 for 

scalar masses heavy compared with gaugino masses. In Fig. 3.7, we fix p, and plot 

in M2 - .6.. space. In Fig. 3.8, we fix .6.. and plot in p,- M2 space. In Fig. 3.9, we 

plot the values of .6.. predicted by the GUT against M 2 , for various values of At(Ma) 

and Ae(Ms) and for two values of b5 , the gauge beta function coefficiep.t above the 

GUT scale. In Fig. 3.10, we plot the suppression factor € for the same parameter 

set as in Fig. 3.9. We see that, over a significant region in parameter space, € is 

small, between 0.2 and 0.01. 

It is clear from Fig. 3. 7 that, with no suppression, a typical value for .6.. of 

0.3 ( x 300Ge V) would give rise to rates above the current bound of B(p, --+ e1) < 

4.9 x 10-11 [54]. However, from Fig. 3.10, the suppression from € is seen to be typically 

20, allowing .6..'s of up to 0.45 ( x300GeV). We see that E is crucial in giving the 

GUT more breathing room, as .6.. 's of less than 0.45 are more common. From Fig. 

3.8 it is also clear that regions of small p, and M 2 (that is, light chargino masses) 

are preferred. Smaller p, is preferred because it decreases the 1-R mass p,m7 tan /3, 

small M 2 is preferred because in the limit that the neutralino mass tends to zero, 

the diagrams Fig. 3.5 vanish. We also note that .smaller p,, M 2 are preferred for 

electroweak symmetry breaking[38, 39]. 
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If J.l and M 2 are both small, the lightest supersymmetric particle (LSP) can be 

quite light, (but where it has significant Higgsino component, it must be heavier 

than 45 GeV in order to be consistent with the precise measurement of the Z width), 

and it annihilates (primarily through its Higgsino components) through a Z into 

fermion antifermion pairs much like a heavy neutrino. The contribution of the LSP 

to energy density of the universe Oh2 then just depends on its mass, and the size 

of its Higgsino components, both of which only depend on J.l and M 2 in the large 

tan/3 limit. In Fig. 3.11, we make a plot of Oh2 in J.t- M2 space. We see that it is 

possible to get n"'"' 0(1) in some region of the parameter space. 

3.7 The example of ADHRS models 

In this section, we study the ADHRS models [5] which are known to give 

realistic fermion masses and mixing patterns. These models are specific enough for 

us to do calculations and make some real predictions. Although not necessarily 

correct, they are good representatives of general GUT models. We believe that by 

studying them, one can see in detail the general features of generic realistic GUT 

models and the differences between them and the minimal SU(5) or S0(10) models. 

As mentioned in Sec. 3.2, in ADHRS models, the three families of quarks and 

leptons lie in three 16 dimensional representations of S0(10), and the two low 

energy Higgs doublets lie in a single 10 dimensional representation. Only the third 
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Figure 3.7: Contours for B(J.t -t e1) in M2:..... .6. plane with m-e = 300GeV, !.l = 
. L(R) 

m;L(R) -mtL(R)' {lf!EL(R)32 = 0.04, l;f!EL(R)JI = 0.01, for J.l =(a) 100Ge\1, (b) 300Ge\1. 

Contours for negative J.t are virtually identical. To get B(J.t -t e1) prediction from 

a. GUT, multiply by appropriate Clebsch, and t: factor (Fig. 3.10). 
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Figure 3.8: Contours for B(J.l--+ e1) in J.L- M 2 plane for (a) l:l = 0.25, (b) l:l = 0.5, 

with other parameters same as in Fig. 3. 7. 

The blacked out regions are ruled out by the LEP bound of 45 GeV on chargino 

masses. The thick dashed lines are contours for a 45 Ge V LSP mass. 
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Figure 3.9: Plots of the averaged difference between the third and the first two 

generations charged slepton masses b.= c.,,~c.a, b.L(R) = m-;L(RJ (at Afs), against 

Ae(.Ms) = 1, 0, -1, two values of the gauge beta function coefficient b5 between 

Me and Mp£, (a) bs = 3(asymptotically free), (b) b5 = -20. Scalar masses are 

assumed degenerate at MPL = 2.4 x 1018 GeV. Me is taken to be 2.7 x1016 GeV. 
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Figure 3.10: Plots of the suppression factor € against M2 , with the same parameters 

as in Fig. 3.9. 
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Figure 3.11: Contours for f!h 2 in J.l - M2 plane in the large tan fJ limit. Dashed 

lines are LSP mass contours of 30, 45, and 60 GeV. For all regions of mLsP < 45 

Ge V in this plot, the Higgsino components of LSP are too big and therefore they 

are ruled out by the Z width. 
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generation Yukawa couplings come from a renormalizable interaction 

(3.7.1) 

All other small Yukawa couplings come from nonrenormalizable interactions after 

integrating out the heavy fields. These interactions can be written in general as 

(3.7.2) 

The Aa's are fields in the adjoint representation of SO(lO) and their VEV's break 

SO(lO) down to the standard model gauge group. Therefore, these Yukawa cou-

plings can take different values for fermions of the same generation with different 

quantum numbers under SU(3) X SU(2) X U(l) and a realistic fermion mass pat-

tern and nontrivial KM matrix can be generated. In ADHRS models, the minimal 

number (four) of operators is assumed to generate the up, down-type quark and 

charged lepton Yukawa coupling matrices >..u,>..n and >..E, and they take the form 

at MG 

0 ZuC 0 0 ZdC 0 0 ZeC 0 

>..u = z'C u YuE XuB ,>..n = z~C YdE X dB ,>.B = z'C e YeE. XeB 

0 x' B u A 0 xd_B A 0 x' B e A 
(3.7.3) 

where the x, y, z's are Clebsch factors arising from the VEV's of the adjoint Higgs 

fields Aa· This form is known to give the successful relations Vub/Vcb = Jmu/mc 

and 'Vtd/'Vts = Jmd/ms [55] so it is well motivated. Strictly speaking, the inter-

action (3. 7.2) become the usual Yukawa form only after the adjoints Aa take their 

VEV's at the GUT scale. However, as we explained in Sec. 3.2, they can be treated 
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as the usual Yukawa interactions up to the ultraheavy scale (which we will assume 

to be MpL) where the ultraheavy fields are integrated out if the wavefunction renor-

malizations of Aa 's are ignored. In the one-loop approximation which we use later 

in calculating radiative corrections from MPL to MG, they give the same results, 

because the wavefunction renormalizations of the adjoints Aa only contribute at 

the two-loop order. This makes our analysis much easier. Above the GUT scale, in 

addition to the Yukawa interactions (3.2.4) which give the fermion masses, we have 

the interactions (3.2.5) as well. Each Yukawa matrix has different Clebsch factors 

x, y, z associated with its elements. All the Yukawa matrices have the ADHRS form 

0 Z[C 0 

>..1 = z[C YIE x1B , I= qq, eu, ud, q£, nd, n£. (3. 7.4) 

0 x/B A 

If each entry of the Yukawa matrices is1generated dominantly by a single operator, 

like in the ADHRS models, then the phases of the same entries of all Yukawa 

matrices are identical. One can remove all but the >.. 22 phases by rephasing the 

operators. After phase redefinition only E is complex and is responsible for CP 

violation. In order to generate the realistic fermion mass and mixing pattern, one 

expects the following hierarchies, 

B 
'""' Vcb A 

E ms 
'""'-A mb 

c 
'""' sin Be '""' c, where c '""' 0.2. 

E 
(3.7.5) 

The hierarchical Yukawa matrices can be diagonalized approximately [55], the uni-
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tary rotation matrices which diagonalize them at the GUT scale can be approxi-

mately written as 
0 zC 0 

A= z'C y lEI ei<~> xB V,* -v;t = FA B' (3. 7.6) 

0 x'B A 
ei<P S F

1 
ei<P 0 

vF~ -SF1 1 SF2 (3.7.7) 

SFISF2 -SF2 1 

1 Ssl 0 

Vs~ -Ss
1 
e-i<P e-i<P Ss2 (3. 7.8) 

s s -i<P 
B1 B2e -Ss2e-i¢ 1 

where 

x'xB2 

</> = arg(E), </> = arg(yE- A ). 

The soft SUSY-breaking scalar masses for the three low energy generations and 

trilinear A terms are assumed to be universal4 at Planck scale Mp£ as in (7]. Beneath 

4If the nonrenormalizable operators already appear in the superpotential of the underlying su-

pergravity theory, the A terms will be different for different dimensional operators, and will induce 

unacceptably large J.l -+ e1 rate because the triscalar interactions· and the Yukawa interactions 

can not be diagonalized in the same basis for the first two generations. In theories where the 

nonremormalizable operators come from integrating out heavy fields at Mp£ and all the relevant 

interactions have the same A term, the resulting nonrenormalizable operators will also have the 

same A term. 
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MPL, the radiative corrections from the Yukawa couplings destroy the universalities 

and render the mixing matrices non-trivial. In the one-loop approximation, the 

radiative corrections to the soft SUSY-breaking parameters at Ma are simply related 

to the Yukawa coupling matrices and therefore the relations between general mixing 

matrix elements and KM matrix elements are also simple. This allows us to see 

the similar hierarchies in the general mixing matrices and the KM matrix very 

clearly. Although the one-loop approximation may not be a good approximation 

for quantities involving third generation Yukawa couplings, we will be satisfied with 

it since it simplifies things a lot and the uncertainties in other quantities such as 

Clebsch factors are probably much bigger than the errors made in the one-loop 

approximation. The RGE's, for m1 as an example, from MPL to Ma are 

- gaugino mass contribution. (3.7.9) 

In the one-loop approximation, the gaugino mass contributions are diagonal and . 
the same for all t4ree generations, so they can be absorbed into the common scalar 

masses and do not affect the diagonalization. The corrections to scalar masses at 
' 1.. 

Ma have the following leading flavor dependence 

81. 



z2C2 
e ZeYeCE* ZeXeCB 

=5 ZeYeCE z?C2 + y; IEI2 + x~B2 Yex~EB + xeBA ,(3.7.10) 

ZeX~CB Yex~E* B + xeBA x'2B2 + A2 e 

where the overline represents the weighted average of the Clebsch factors, z; = 

k(2z;+3z;u) and so on. Because .6.mk is hierarchical, assuming no big x, y Clebsches 

(ADHRS models have some big z Clebsches), the rotation matrix which diagonalizes 

it can be given approximately as 

1 

(3.7.11) 

where 

Similarly, for other scalar masses the leading flavor dependent corrections at Ma 

are 

(3.7.12) 

and the rotation matrices which diagonalize them are given by expressions similar 
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to (3.7.11) with Clebsches replaced by the appropriate ones. Then, the mixing 

matrices appearing at the lepton-slepton-gaugino vertices are given by 

1 SELl - SLlei(¢:-ct>.) s-L (S-L SE )eicf> s-L 
1 2 - L2 - 3 

(SL
1 

- SEL
1 

)e-i(¢:-ct>.) 

-SEL
1 
(SL2 - SEL)e-icf>e + SL3 (SL2 - SEL)e-irl>e 1 

(3.7.13) 

1 

(3.7.14) 

where 

and 
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- 1 (2 3 ) I 1 ( I 3 I I ) t 
Xe = 5 Xe + Xeu , Xe = 5 Xe + Xge + Xne e C •• 

Note that 

(3.7.15) 

If there is no very big or small Clebsch involved and no accidental cancellation, 

[i£3 , SE3 can be neglected in W's. 

Compared with VKM, 

VKM(Mc) = vJL VnL 

1 

where 

1 

S _ ZuC E 1 _, E _ XuX~B2 ' A.. _ ( E _ Xux~B2 ) 
ULl - El ' u - Yu A ''f/U- arg Yu A ' 

u 

SuL2 
XuB 

A ' 

SnL2 
xdB 

A' 

(3. 7.16) 

we can see that the W's and VKM do have similar hierarchical patterns, but have 

different Clebsch factors associated with their entries. 

When a specific model is given, one can calculate all the Clebsch factors and 

make some definite predictions for that particular model. For example, the ADHRS 
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Model 6, which gives results in good agreement with the experimental data, has the 

following four effective fermion mass operators 

Ay Ay 
0 23 = 162 Ax 10 Ax 163, 

~ Ax AB-L 
022 = 162- 10 -A ·162 or other 5 choices, 

M X 

012 = 161 ( ~) 
3 

10 ( ~) 
3 

162, (3.7.17) 

where Ax,Ay,AB-L are adjoint's of 50(10) with VEV's m the SU(5) singlet, 

hypercharge, and B-L directions. There are six choices of 0 22 operators which give 

the same predictions for the fermion masses and mixings, but different Clebsches 

for other operators appearing above Me. Fortunately, they do not enter the leading 

terms of the most important mixing matrix elements WEL 32 , WEL311 WER32 , WER3 11 

which appear in the leading contributions to the amplitudes of LFV processes and 

the electric dipole moment. 

The magnitude of the mixing matrix elements VKM32, VKM3b WEL32 , WEL 3 P 

WER3 2 , WER3
1

, and the relevant Clebsch factors are listed in Tables 3.2 and 3.3. 

In ADHRS models tan (3 is large. The J.t -+ e1 rate for large tan (3 has been 

calculated in Sec. 3.5 and 3.6 for WEL32 = WER32 = Vts and WEL31 = WER31 = l-'td· 

To obtain the predictions of ADHRS models we only have to multiply the results 

by the suitable Clebsch factors. The relevant Clebsch factors for Model 6 are listed 

in Table 3.3. For a generic realistic GUT model with small tan/3, for example 

the modified ADHRS models in which the down type Higgs lies predominantly 
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u d e eu qf nf 

X -1 1 3 -6 !. 0 -6 2 4 

x' -1 1 3 -6 !. 0 6 2 4 

y 0 1 3 - - -

z 1 1 1 1 1 125 -27 -27 

z' 1 1 1 1 1 125 -27 -27 

,_ 9 -- 3 
Xe- 20' Xe--

Table 3.2: Clebsch factors for Yukawa coupling matrices in ADHRS model 6. 

in some fields which do not interact with the three low energy generations and 

contain only a small fraction of the doublets in the 10 which interact with the low 

energy generations [56], most of analysis should still hold. In this case the leading 
I 

contributions to p, --+ e1 are the same ones as in the minimal 50(10) model of Ref. 

[7] (Fig. 3.10 bL,R, CL,R, c£,R of [7]). The diagrams C£R, c£R involve the corrections 

to the trilinear scalar couplings. 

In the one-loop approximation the leading corrections to (E at Ma contain 

spectively. The piece proportional to >..E can be absorbed into (Eo by a redefinition 

of AE, the other two pieces are proportional to the product of >..E and the corrections 

to the scalar masses, 
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ADHRS models Model 6 Relevant proc. 

lwEL3)Vtsl 
I x~-x~ I 1.26 
Xd-Xu 

IWER32/Vtsl 1~1 5.4 Xd-Xu 

IWEL3! /Vtdl 
1 z~Yd{x~-x~) 1 

ZdYe(Xd-Xu) 
0.42 

IWER3)Vtdl 
I ZeYd{x.-x.) I 
ZdYe(Xd-xu) 

1.8 

I WEp2 WER3l I 
VtsVtd 

I zeYd(x.-x.)(x~-x~} I 
ZdYe(Xd-xu)2 

2.268 f1 -t e1 amp. 

I WER32 WEL3l I 
Vts Vtd 

I z~Yd(x.-x.)(x~-x~) I 
ZdYe(Xd-Xu)2 

2.268 11 -t e1 amp. 

hWEr.aJ WErn2JVtd I hz~ZeYd I ! de 
.jiWEL32 WER3!12+1WER32 WEL3!12 /Vts 'I J(z~+z~2 )ZdYe 3 

Table 3.3: The relevant Clebsch factors for 11 -t e1 and de in ADHRS model 6. 

(3.7.18) 

6m2 +A2 

where flEL, flER are proportional constants (fJER = fJEL = lAo 0 in one-loop ap-

proximation). The LFV couplings in Fig. 3.2(e), tk_Ufl:l.CEULeLVD, now can be 

written as 

/ 

where the overline means that the matrix is diagonal. Again, the amplitudes are 

given by the same formulas as in [7] ( eqns. 29, 30), except that \t;2 Y;HY;3*) 2 has to 
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-1-~mh3 and -1-~mi,33 . The results in [7] are only modified by some multiplica-
~ER ~EL 

tive factors and therefore represent the central values for the LFV processes. 

It was pointed out in [7, 8] that the electric dipole moment of the electron (de) 

constitutes an independent and equally important signature for the SO(lO) unified 

theory as JL -+ e1 does. The diagrams which contribute to the electric dipole 

moment of the electron are the same as the ones which contribute to JL-+ e1, with 

JLL(f.l£) replaced by eL( e£). Thus a simple relation between de and the f-l -+ e1 rate 

was obtained in the minimal SO(lO) model [7], 

(3.7.20) 

ld I= ID lj'Vtdl . "'= 2f(JL-+ el) I'Vtdl . "' e e r2 TT Sill 'f/ e 3 T.T Sill <y, 
Vts o:mJ.L Vts 

(3.7.21) 

where </>is an unknown new CP-violating phase defined by 

In a more generic SO(lO) model, such as the ADHRS model, we still have this 

simple relation but the mixing matrix elements have to be replaced by the W's: 

ldel = e 2f(JL-+ el) .J2iWEL31WER311 sin</>', 

o:m~ y'IWEL32 WER31 F + IWER31 WEL31I 2 
(3.7.22) 

where </>' is defined by 

In particular, in ADHRS models there is only one CP-violating phase, so the phase 

</>' can be related to the phase appeared in the KM matrix of the standard model. 
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From eqns. (3.7.13) (3.7.14) (3.7.16) we can see that<//~ <Pe, <Pe ~ </Jd ~ </;, <Pu = 0 

(because Yu = 0). The rephrase invariant quantity J of the KM matrix is given by 

(3.7.23) 

Therefore the CP-violating phase appeared in de related to the CP violation in the 

standard model by 

(3. 7.24) 

Finally, as mentioned in the Sec. 3.3, we consider the possibility that the slight 

non-degeneracy between the first two generation scalar masses could give a signif-

icant contribution to the flavor changing processes because of the larger mixing 

matrix elements. We still use ADHRS models as an example to estimate this con-

tribution to the LFV process p -+ e1. For an order of magnitude estimate, the 

mass insertion· approximation in the super-KM basis employed in [6] will serve as a 

convenient method. After rotating the ~m1 in eqn. (3.7.10) to the charged lepton 

mass eigenstate basis, the contribution from the first two generations to ~m121 is 

(assume Ze = z~ as in ADHRS model). (3.7.25) 
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Compared with the result found in [6] for minimal SU(5): 

(3.7.26) 

we can see that if the Clebsch factors are 0(1), this contribution is comparable to 

that of the minimal SU(5) model. In order for this contribution to be competitive 

with the dominant diagrams (Fig. 10 h,R, CL,R, c£,R of [7]) which are enhanced by 

.!!!L, large Clebsch factors are required. While it is possible to have large Clebsch 
mp. 

factors, we consider them as model dependent, not generic to all realistic unified 

theories. 

3.8. Conclusions 

In supersymmetric theories, the Yukawa interactions which violate flavor sym-

metries not only generate the quark and lepton mass matrices, but necessarily also 

lead to radiative breaking of flavor symmetries in the squark and slepton mass 

matrices, leading to a variety of flavor signals. While such effects have been well 

studied in the MSSM and, more recently, in minimal unified models, the purpose of 

this chapter has been to explore these phenomena in a wide class of grand unified 

models which have realistic fermion masses. 

We have argued that, if the hardness scale AH is above MG, the expectation for 
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all realistic grand unified supersymmetric models is that non-trivial flavor mixing 

matrices should occur at all neutral gaugino vert}ces. These additional, weak scale, 
I 

flavor violations are expected to have a form similar to the Kobayashi-Maskawa 

(KM) matrix. However, the precise values of the matrix elements are model de-

pendent and have renormalization group scalings which differ from those of the 

Kobayashi-Maskawa matrix elements. 

It is the non-triviality of the flavor mixing matrices of neutral gaugino couplings 

in the up quark sector which strongly distinguishes between the general and min-

imal unified models, as shown in Table 3.1. Although the minimal unified models 

provide a simple approximation to flavor physics, they are not realistic, so we stress 

the important new result that flavor mixing in the up sector couplings of neutral 

gauginos is a necessity in unified models. this leads to four important phenomeno-

logical consequences. While the D0 
- D0 tnixing induced by this new flavor mixing 

is generally not close to the present experimental limit, it could be much larger than 

that predicted in the standard model. 

The new mixing in the up-quark sector implies that there may be significant 

radiative contributions to the up quark mass matrix which arise when the super-

partners are integrated out of the theory. This is illustrated in Fig. 3.4, where the 

new mixing matrix elements have been taken to be a factor of three larger than 

the corresponding Kobayashi-Maskawa matrix elements. In this case the entire up 

quark mass could be generated by such a radiative mechanism: above the weak 

scale the violation of up· quark flavor symmetries lies in the squark mass matrix. 
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The electric dipole moment of the neutron, dn, is a powerful probe of the 

neutral gaugino flavor mixing induced by unified theories. In the minimal SO(lO) 

theory, dn arises from the flavor mixing in the down sector, which leads to a down 

quark dipole moment, dd. However, in realistic models the flavor mixing in the up 

quark sector leads to a du which typically provides the dominant contrihution to 

dn. Thus the neutron electric dipole moment is a more powerful probe of unified 

supersymmetric theories than previously realized. 

The presence of flavor mixing-in the up sector plays a very important role in 

determining the branching ratio for a proton to decay to ]{0 p+. In the minimal 

models, without such mixings, this branching ratio is expected to be about 10-3 : 

the charged lepton mode will not be seen and experimental efforts must concentrate 

on the mode containing a neutrino, K+v. However, including these mixings the 

charged lepton branching ratio is greatly increased to about 0.1. While this number 

is very model dependent, we nevertheless think that this effect greatly changes the 

importance of searching for the charged lepton mode. 

These four phenomenologocal consequences are sufficiently interesting that we 

stress once more that they appear as a necessity in a wide class of unified theories. 

The absence of mixing in the up sector is a special feature of the minimal models. 

Since the flavor sectors of the minimal models must be augmented to obtain realistic 

fermion masses, any conclusions based on the absence of flavor mixings in the up 

sector are specious. 

A second topic addressed in this chapter is the effect of large tan f3 on the lepton 
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process, f.l -+ e1 which is expected in unified supersymmetric SO(IO) models. The 

amplitude for this process has a contribution proportional to tan (3. In this chapter, 

we have found that the naive expectation that large tan f3 in supersymmetric 50(10) 

is excluded by f.l -+ e1 is incorrect, at least for some values of the superpartner 

masses of interest. Contour plots for the f.l -+ e1 branching ratio are shown in 

Figs. 3. 7 a~d 3.8. It depends sensitively on the parameter ~' which is the mass 

splitting between the scalar electron and scalar tau, and is plotted in Fig. 3.9. Lower 

values of the top quark Yukawa coupling, which for large tan f3 still give allowed 

predictions for the b/ r mass ratio, give ·a much reduced value for~' thereby reducing 

the f.l -+ e1 rate and partially compensating the tan2 f3 enhancement. A further 

significant suppression of an order of magnitude is induced by the renormalization 

group scaling of the leptonic flavor mixing angles, and is shown in Fig. 3.10. The 

net effect is that while the case of tan f3 ~ mt/mb is not excluded in SO(lO), the 

f.l -+ e1 rate is still typically larger than for moderate tan f3, so that this process 

provides a more powerful probe of the theory as tan f3 increases. 

For large tan /3, f.l and M 2 become the physical masses of the two charginos. The 

f.l -+ e1 contours of Fig. 8 show that f.l and M 2 should not be too large, providing 

an important limit to the chargino masses in the large tan f3 limit. Furthermore, 

this constrains the LSP mass to be quite smalL We find that in this region it is still 

possible for the LSP to account for the observed dark matter, and even to critically 

close the universe, as can be seen from Fig. 3.11. However, the requirement that 

the LSP mass be larger than 45 Ge V suggests that the two light charginos will not 
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be light enough to be discovered at LEP II. 

As an example of theories with both a realistic flavor sector and large tan f3 

we studied the models introduced by Anderson et al.. The flavor sectors of these 

theories are economical: the free parameters can all be fixed from the known quark 

and lepton masses and mixings. Hence the flavor mixing matrices at all neutral 

gaugino vertices can be calculated. These are shown for the lepton sector of model 

6 in Table 3.3. The Clebsch factors enhance the J-l ---7 e1 amplitude by a factor of 

2.3, and suppress de by a factor of 3. Even taking the top quark Yukawa coupling 

to have its lowest value the rate for J-l ---7 e1 in this theory is very large. Another 

interesting feature of these theories is that the flavor sectors contain just a single CP 

violating phase. This means that the phase which appears in the result for dn and de 

can be computed: since it is closely related to the phase of the Kobayashi-Maskawa 

matrix it is not very small. That which appears in de is given in eqn. (3. 7.24) and 

is numerically about 0.2. We have computed the radiative corrections to mu in the 

ADHRS models and have found that the new mixing matrices in the up sector are 

not large enough to yield sizable contributions: thus the ADHRS analysis of the 

quark mass matrices is not modified. Furthermore, due to a cancellation special to 

these theories, there is no contribution to dn from the up quark at one loop. 
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Chapter 4 

A supersymmetric theory of 

flavor with radiative fermion 

masses 
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4.1 Introduction 

A complete supersymmetric theory of flavor must address both the fermion 

mass problem and the flavor-changing problem [12]. An early proposal to address 

the flavor-changing problem by invoking a U(N) flavor symmetry of the Kahler 

potential in supergravity [17] was very incomplete; it" did not address how the sym

metry could be broken to get the fermion mass interactions of the superpotential. 

By studying broken flavor symmetries, one can study both issues simultaneously 

[57], opening the door to a new field of flavor model building. Although there is 

considerable freedom in the choice of the flavor symmetry group and the pattern 

of symmetry breaking, the enterprise is nevertheless constrained by the direct link 

between the flavor-changing and fermion mass problems. Many candidate theories 

of fermion masses are excluded by flavor-changing phenomenology. In this chapter 

we study the possibility that some fermion masses arise radiatively, which requires 

large flavor changing interactions of the squarks or sleptons. Hence theories of 

flavor, based on spontaneously broken flavor symmetries, which involve radiative 

fermion masses, are very highly constrained by flavor-changing phenomenology. 

Flavor symmetries should forbid Yukawa couplings of the light fermions. After 

the flavor symmetries are broken, the light generation fermions should acquire small 

Yukawa couplings. Many models of fermion masses use the Froggatt-Nielsen mecha

nism [10] to generate small Yukawa couplings: assuming a flavor symmetry is broken 

by the VEV of some fields(</>), and after integrating out heavy states of mas_:; M, one 
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can get light generation Yukawa couplings suppressed by lf}-. This mechanism can 

naturally generate second generation Yukawa couplings, but in order to ensure small 

enou~h first generation Yukawa couplings one usually has to assume contrived rep

resentations of the flavor group and/or contrived patterns of flavor breaking. There 

is, however, another possibility for generating small Yukawa couplings: if generated 

radiatively, they are suppressed by the loop factor 
16

1
1!"2 • This intriguing possibility 

has been extensively studied in the literature[58). A universal feature of all models 

must be that an "accidental" chiral symmetry is present in the Yukawa sector to 

force a zero Yukawa coupling at tree level, while this symmetry must be broken in 

another sector of the theory in order for the Yukawa coupling to be radiatively gen

erated. As pointed out in [59, 60], supersymmetric theories can provide a natural 

way for this to happen: the constraints of holomorphy can force the superpotential 

to have accidental symmetries not shared by the D terms. Given that the super

symmetric extension of the standard model is of interest for other reasons, we are 

naturally led to explore the idea of radiative fermion masses in supersymmetric 

models. To be specific, we consider supersymmetric SU(3) x SU(2) x U(l) theo

ries with minimal low energy field content, i.e. we do not consider extra Higgses or 

extra families etc. We will find that, with this assumption, the set of possibilities 

for radiative fermion masses is highly constrained, and yields robust experimental 

predictions. 

The outline of this chapter is as follows. In section 4.2 we consider general 

possibilities for radiative fermion masses in supersymmetric theories with minimal 
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low-energy field content, and conclude that, quite generally, only the lightest gen

eration can be obtained radiatively. In section 4.3 we discuss phenomenological 

constraints and consequences which follow from generating the lightest generation 

radiatively. In the subsequent sections, we consider issues related to building models 

which naturally implement radiative fermion Yukawa couplings for the first gener

ation: In section 4.4, we discuss some general properties such models should have; 

and in section 4.5 we. first present a model for leptons and then extend it to the 

quark sector. Our conclusions are drawn in section 4.6. 

4.2 General possibilities for radiative fermion masses 

We now consider general possibilities for radiatively generated Yukawa cou

plings in supersymmetric theories with minimal low energy field content. We know 

that, in the limit of exact supersymmetry, a Yukawa coupling which is zero at tree 

level will never be g~nerated radiatively. Thus, in order to have radiative Yukawa 

couplings, we need soft supersymetry breaking operators which, further, must ex

plicitly break the chiral symmetries associated with the zero Yukawa couplings of the 

superpotential. Also, the particles in the radiative loop must be at the weak scale: 

since the generated Yukawa coupling .>. is dimensionless and vanishes in the limit 

ms (the supersymmetry breaking scale) goes to zero, we must have .>. "" 
16

1
1r2 7J, 

where M is a typical mass for the particles in the loop. Thus, M must be near the 

weak scale (rather than the GUT or Planck scale) in order to generate large enough 
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Yukawa couplings. 

Thus, we see that the breaking of the flavor symmetries associated with the zero 

Yukawa couplings must lie in the weak scale soft supersymmetry breaking operators: 

the trilinear scalar A terms and the soft scalar masses. In this chapter we make 

the plausible assumptions that the flavor symmetry is not an R symmetry and that 

supersymmetry breaking fields are flavor singlets. Then, the A terms must respect 

the same flavor symmetries as the the Yukawa couplings, since any flavor symmetry 

forbidding f d20 f( ¢>) (where f( ¢>) is some function of the superfields ¢>in the theory) 

will also forbid J ~002 J( ¢> ). Hence, all the flavor symmetry breaking responsible for 

generating radiative fermion masses resides in the scalar mass matrices. (However, 

in appendix B we repeat the analysis without this assumption. Requiring our 

vacuum to be the global minimum of the potential and using constraints from flavor

changing neutral currents (FCNC), the A terms are such that the conclusions of 

this section are not greatly altered.) 

For simplicity, let us work in the lepton .sector, and consider the possibility of 

radiatively generating I< lepton masses for I< = 3,2,1 in turn. 

K =3. In this case, we have a vanishing tree level Yukawa matrix which has a 

large U(3)e x U(3)e symmetry. By our assumption that the flavor symmetry is not 

an R symmetry and that supersymmetry breaking fields do not carry flavor, the A 

terms must also vanish. But then, all the soft scalar mass matrices can be simulta

neously diagonalized, leaving an independent, unbroken U(l) .symmetry acting on 

every superfield, preventing the radiative generation of any Yukawa couplings. 
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K =2. Here, we only have the third generation Yukawa coupling at tree level. 

This case is more interesting. We shall find that, although it is possible to generate 

two Yukawa eigenvalues radiatively, strong constraints from FCNC force the ratio 

of the (radiatively generated) first to second generation Yukawa couplings to a value 

too small to be compatible with experiment. 

Let us work in a basis where the Yukawa matrix AE is diagonal, 

0 0 0 

AE = 0 0 0 (4.2.1) 

0 0 ). 

Since AE is invariant under independent rotations of the first two generation left 

and right handed lepton superfields, we can make these rotations on the left and 

right handed scalar masses mi(R)' 

2 u 2 ut 
mL(R) ~ L(R)ffiL(R) L(R)' 

where the UL(R) are unitary rotations in the upper 2 x 2 block, 

If we write 

then under U L we have 

( 

U£(R) 0) 
UL(R) = . 

0 1 

m 2-
L-

.( m~x2 

m2~ 
L 

2t 
m2xl 

( 

2 t 
U£ffi2x2UL 

2t t 
m2x1UL 

100 

(4.2.2) 

(4.2.3) 

( 4.2.4) 

(4.2.5) 



and we can choose U£ so that 

( 4.2.6) 

Thus, we can choose a basis where the 1-3 and 3-1 entries of mi are 0, and similarly 

for m h; the scalar masses have the form 

(4.2.7) 

0 
L(R) 

The 1-2 entries, hmi2, are constrained to be very small compared to mi and m~ 

from FCNC considerations. Suppose we put just one of the hmi2 , say hmi2L, equal 

to zero. Then, we have a U(1) symmetry acting on the left-handed lepton superfield 

of the first generation, which will prevent the generation of any Yukawa coupling 

for the first generation. Hence, the radiatively generated first generation Yukawa 

coupling will be suppressed relative to the second generation one by roughly 

( 4.2.8) 

where the mi Rare typical scalar masses for the first two generations. , 

~ 

Let us make a more careful estimate for the size of this suppression. For 

simplicity, we work in the mass insertion approximation where mi, m~, m~ are taken 

to be degenerate and equal to m2 • We find the radiatively generated Yukawa matrix 

for the upper 2 x 2 block is 

Smin Smi2 R J(7)x 
m2 m2 

8
";!i 8 f(6)x 
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";!iLJ(6)x)' 

f(5)x 
( 4.2.9) 



where 

and M is the gaugino mass. Since f(n) is only logarithmically sensitive to the ratio 

~:,we put M 2 = m 2
. Then, f(n) = (n-2)(n-I) and we have 

(4.2.10) 

Diagonalizing the above matrix, we find the ratio of the first to second generation 

eigenvalues to be 

A1 1 8mi2L 8mi2R 

A2 """'25 m2 m 2 · 
(4.2.11) 

We see that it is impossible to generate large enough first generation Yukawa cou-

plings consistent with FCNC constraints (unless the scalars are taken to be unac-

ceptably heavy), which require (for 300 GeV sleptons and 500 GeV squarks) 

~ 8miu 8mi2e < 2 x 10-4 (J.L ~ e'Y) 
25 m 2 m 2 

1 8m2 8 2 
I2q mi2d < 1 10-6 ( r.,r r.' · · ) 25-m-2...:.. m2 X .ll.I - .I\2 miXIng 

1 8mi2 q 8mi2d _5 . . 

25 
~~ < 6 x 10 (D1 - D2 m1xmg). (4.2.12) 

We are left with the case ]{ =1, where Yukawa couplings for two generations 

occur at tree level, while the remaining Yukawa couplings, which necessarily corre-

spond to the lightest generation, are radiatively generated. In the next section, we 

study the phenomenological constraints on this scenario in detail. 
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4.3 Phenomenological constraints 

In this section, we discuss the phenomenology of obtaining the first generation 

Yukawa coupling radiatively. Recall that we are relying on the scalar mass matrices 

to break the chiral symmetries associated with the Yuka.wa matrices; in particular, 

then, the scalar mass matrices cannot be diagonalized in the same basis as the 

Yukawa matrices. Thus, if we work in the mass eigenstate basis for all fields, we 

will have non-trivial mixing matrices at the gaugino vertices as we showed in last 

chapter. 

Using the notation defined in chapter 3, we now consider the dominant radiative 

contributions to the lepton, up and down mass matrices given in Fig. 4.1. In the 

(a) ¥ (b) ¥ 

eL/" 
__ -L....._ 

'eR UL / 

__ -L. __ 

' ,uR 
' :1' 

I (A + Ji. tan f3)).)t 
I \ 

I (A+ J-L cot {J)>.t 'It 
I \ 

eL 
l•'fl EL xo WsR 

ec U£ 
l¥u~.. H'uR 

uc 
9 

(c) 
¥ 

JL/" 

__ -L. __ 

'- dR 
' I (A+ J-L tanf3)>.b\ 

I \ 

dL 
WDr.. g WDR 

de 

Figure 4.1: The dominant radiative contributions to the fermion masses: (a) charged 

leptons, (b) up-type quarks, (c) down-type quarks. 
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following, we assume that the first two generation scalars are degenerate, since 

we know from the previous section that the contribution to the mass matrix from 

the non-degeneracy between the first two generations is negligible. Evaluating the 

diagrams, we find (keeping only the contribution from the third generation tree-level 

mass) [25] : 

(4.3.1) 

(4.3.2) 

2 2 m~ 
mrL(R) m_ (R) ~ 

where X3L(R)n = M2 , XlL(R)n = ~2 in the lepton sector, X3L(R) = ~ 
n n Mg ' 

m2 

X1L(R) = ~~R) and ~mda,B is the same as ~mua,e with the replacements cot j3 -r 
g 
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tan /3, mt--+ mb and t, u--+ b, J, and where 

h(x,y) 

f(x) 

f(x)- f(y) 
x-y 

x lnx 

1-x 
( 4.3.3) 

Let us begin our phenomenological discussion with the lepton sector. The 

above expression for the radiative contribution to the lepton mass matrix is rather 

unwieldy; while we can use it for numerical work, in order to get an approximate 

feeling for the size of the radiative electron mass, we simply look at the 11 entry of 

the radiative correction matrix me ::::::: ..6.men· For simplicity, we assume that one of 

the neutralinos is pure bino, that the scalar tau's are degenerate with mass m and 

much lighter than the selectrons. Then we find as in [59] 

(4.3.4) 

where M 1 is the bino mass, h(1, 1) = 1/2, and we have assumed WE33 ~ 1. As 

explained in [59], we must work in the large tan f3 regime, and so we can neglect 

the A term contribution above. If we set tan f3 = 60 and p, = M1 = m, equation 

(4.3.4) reproduces the electron mass if the product WER 31 WEL 31 ~ 0.01. This is 

roughly speaking a lower bound for this product. In this calculation we have taken 

the selectron to be much heavier than the stau so that the super-GIM cancellation 

in the loop can be ignored. In fact, however, for selectrons moderately heavier 

than the staus, there will be a super-GIM cancellation and WER 31 WEL 31 will be 

correspondingly larger. In Fig. 4.2, we give a plot for the relevant super-GIM 
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suppression factor. Assuming left and right handed scalars degenerate, scalars of 

the first two generations degenerate, and the third generation scalar degenerate with 

the gaugino, we plot the super-GIM factor against the ratio of first two generation 

to the third generation scalar masses. This implies that each of WER 3l'WEL 31 should 

be at least 0.1. In the following we will explore the consequences of having such 

large mixing angles. 

-p --+ e1: One immediate observation is that, if in the diagram of Fig. 4.1 (a) 

we replace one of the external electrons with a muon and attach a photon to the 

graph, we get a potentially dangerous contribution to the rare process p --+ q. 

How dangerous is this effect? In appendix C, we present the FCNC constraints on 

the elements of the mixing matrices W. Requiring the p --+ e1 rate to be smaller 

than current experimental bound constrains WEL(R)
32 

WER(L)
31 

to be smaller than 

""' w-4
• Since we know that we need WEL(R)3I rv 0.1 in order to generate the 

electron mass radiatively, we must have that W EL(R)
32 

.:S 10-3 in order to avoid a 

dangerous p --+ e1 rate. It may seem strange that WEL(R)3I and WEL(R)32 have such 

disparate sizes; any theory of lepton flavor with radiatively generated electron mass 

must naturally explain why WEL(R)32 is so much smaller than WEL(R)3I· Speaking 

more loosely, if the electron mass is radiative, muon number must be very nearly 

conserved. 

-r --+ e1= What about the decay r --+ e1? Since it is a 3-1 transition, it is 

directly related to WEL(R)
31

• Under the same set of assumptions that went into the 
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Figure 4.2: Plots of the super-GIM factor H = h(x3,x3)- h(x3,xi)- h(x1,x3) + 

h(xt, xt) and H = h(x3, x3)- h(x3, xt) versus the ratio between the first two gen-

eration and the third generation scalar masses .JY. 

ll-meal3 - 2 4 I0-2( ,.. )( tan/3)( ii). r-;:::w W 
~ - · X ~ 6'Q 0.5 V X3 . EL3o: ER3/3' 

ll.z::ae = 0. 7C~)C:13 
)( 0~ h,!X3vV D LJo: W D R3/3' 

for a, f3 = 1, 2, and H has to be replaced by H if one of the a, f3 is 3. 
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simplified equation ( 4.3.4), the amplitude for TL(R) decay is 

(4.3.5) 

where 

g(x,y) 
J'(x)- J'(y) 

x-y 

J'(x) 
x2 - 2x lnx -1 

(4.3.6) -
2(x- 1)3 

and g( 1, 1) = {2 • The branching ratio for T ---+ e1 is proportional to I W EL 31 j
2 + 

IWER31 I2 2: 2ll.VEL 31 WER31 j, which is the product constrained by the requirement 

of obtaining radiative electron mass. Putting J.l = M1 = m = 300 Ge V gives 

B(T---+ e1) ~ 10-6 , a factor of 100 beneath the current bound. We make a more 

careful analysis as follows. Assuming that the left and right scalars, as well as the 

scalars of the first two generations are degenerate, both the radiatively generated 

me and the T ---+ e1 rate depend on the following parameters (other than the mixing 

angles) in the large tan f3 regime: (J.l, M1 , M2 , m~, m~, tan (3) Putting tan f3 = 60 

and assuming the grand unification relation M2 "' 2M1 , the dependence is reduced 

to only (J.l, M1, m~, m~). Specifying these parameters determines what the product 

IWEL31 WER311 should be to obtain the correct electron mass, and this in turn pro-

vides us with a lower bound on B(T---+ e1). In Fig. 4.3, we give a representative 

contour plot for this lower bound on B( T ---+ e1). Over a significant portion of 

the parameter space, the rate is only 10-100 times smaller than the current bound 

B(T---+ e,):Sl.2 X w-4 [61]. 
., 
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Figure 4.3: Contour plot of B ( T --+ e1), where the mixing angles are fixed by 

requiring a radiative electron mass. 

We have put tan(J = 60., J-L = mr=200 GeV, and plot in the M1 - ,jY plane where 

2 

M1 is the bino mass and we have assumed the GUT relation M 2 "'2M1 ; y = ~-
mf 

We also assume that the left and right handed mixing angles are equal, giving us a 

lower bound on B(T--+ e7). The branching ratio scales as ~-
mf 
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-de: If there are CP-violating phases in the theory, we have further consid-

erations. First, we note that if there is no mixing with the second generation (as 

seems to be required for avoiding dangerous 1-L -+ e1), then we can choose a basis 

where the mixing matrices WEL(R) are real: the only potentially complex coupling 

is (e£mi3Lh + h.c. + L-+ R). Since the tree level electron Yukawa coupling is zero, 

we can independently rephase the superfields eL(R) to make m~3L(R) real. Thus, the 

only sources of CP violation are the phases in the A and 1-L parameters. Ordinarily, 

(when no fermion masss are generated radiatively), the phases of A and 1-L are con-

strained to be small, since arbitrary phases lead to large electric dipole moments 

via diagrams proportional to the tree level first generation Yukawa couplings. Does 

the situation change when we generate' the lightest generation Yukawa coupling ra-

diatively? To answer this question, let us look at the lepton mass matrix and dipole 

moment matrix in the two dimensional space of the first and third generation (the 

second generation has no mixing and is thus irrelevant). For simplicity, we again 

consider taking the first two generation scalars much ·heavier than those of the third 

generation so that they are decoupled, and we set 1-L = M1 = m. Then, we have 

me 

de rv 1 5 10_21 (300GeV)
2 

e _ . x em x M
1 

llO 



(4.3.7) 

where ()is the phase of A+ J.l tan (3. We can approximately diagonalize the lepton 

mass matrix as follows 

(4.3.8) 

In the basis where the lepton mass matrix is diagonal with real eigenvalues, the 

electric dipole moment matrix is d~ = V.lL de VER, and the electric dipole moment of 

the electron is de= Im(d~11 ). We find with M1 = 300 GeV and WEL 31 WER 31 "'0.01 

(as required to generate the electron mass), 

de = 6 X 10-24cm X sin(). 
e 

( 4.3.9) 

Thus, sin() must be smaller than "' 7 x 10-4 for 4;- not to exceed the experimental 

limit of 4 x 10-27 em. So, we have not made any progress on the supersymmetric 

CP problem. However, as we have already mentioned, if we assume that sin 0 is 

sufficiently suppressed, there are no other CP-violating contributions when muon 
/ 

number is conserved. 

What if the electron mass is not all radiative in origin and has some small 

tree level contribution? If there is an 0(1) phase mismatch between the tree and 
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radiative parts of the electron mass, there will be a phase in the electron electric 

dipole moment of order m~ree even if A and J.l are taken to be real. This would again 
me 

give too large a dipole moment unless m;ree ;S 10-3 . (Of course, in deriving this 
me 

result, we assume that most of the electron mass is radiative, otherwise there is no 

reason for the WEL(R)
31 

to be big enough to cause trouble with the dipole moment). 

We conclude that if there are large CP-violating phase differences in the theory, the 

electron mass must either be nearly all radiative or nearly all tree level. 

In the quark sector, in addition to the first generation quark masses, we are 

also interested in the possibility of generating KM mixing angles by finite radiative 

corrections. Table 4.1 shows the relevant ratios of quark masses and mixing angles. 

The constraints on SUSY FCNC have been studied in [13, 14}, and the results 

5m2 

are given in terms of bii = Mf, where bmti is the off-diagonal squark mass in 
q 

the super-KM basis and Mq is the "universal squark mass". However, in order to 

generate the light generation quark masses entirely by radiative corrections, the 

splitting between scalar masses of the first two and the third generations must be 

quite large so that the super-GIM cancellation is not effective. As we can see from 

Fig. 4.2, this typically requires $. ;c. 3. Then it is not clear which scalar mass should 
m3 

be used for Mq. In appendix C, we translate thes results obtained in [13, 14] into 

constraints directly on the mixing matrix elements, which are more suitable for our 

dicussions. 

When tan f3 is large, some of the one-loop diagrams for the down type quark 

Yukawa couplings are enhanced by tan/3 (Figs. 4.1(c), 4.4(a)(b)). They can give 
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~ 3.6 X 10-3 .!!!..:.. 2.7 x w-2 
mt mb 

!!!:J:. 1 X 10-s !!!d. 1.3 x w-3 
mt mb 

sinO, m, 8 X 10-4 sinB,m§ 6 x w-3 
mt mb 

Vcbmt 
mt 

4 X 10-2 v,bmb 
mb 

4 x w-2 

Vubmt 
mt 

4 X 10-3 ~ 
mb 

4 x w-3 

Vtdmt 
mt 

1 X 10-2 ~ 
mb 

1 X 10...,.2 

Table 4.1: The relevant ratios of quark masses and mixing angles with all quantities 

taken at the scale of top quark mass. 

The values of quark masses, mixing angles, and the RG mass enhancement factors 1Ji 

are taken as follows: mt(mt) = 168GeV, mb(mb) = 4.15GeV, mc(mc) = 1.27GeV, 

m8 (1 GeV) = 180 MeV, md(1 GeV) = 8 MeV, mu(1 GeV) = 4 MeV, 'T}b = 1.5, 1Jc = 

2.1, 'T}u,d,s = 2.4, sin Be= 0.22, Vcb = 4 X 10-2, 'Vub = 4 X w-3
' "Vtd = 1 X w-2• 

significant corrections to the down type quark masses and KM matrix elements[51]. 

Here we are interested in the possibility that some of the light generation quark 

masses and mixing angles are entirely generated by these loop corrections. Because 

of the large tan f3 enhancement, it is easier to generate KM mixing angles in the 

down sector than in the up sector. In fact, we can see from Table 4.1 that it is 

impossible to generate "Vcb in the up sector, while generating 'Vub and Oc requires 

WuL 31 to be greater than about 0.4 and 0.2 respectively. WuL is linked to WvL 

by the KM matrix: VKM ~ WuL twDL· To get the correct Vub, WuL 31 has to be 
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(a) 

dL--~--J---~-*~~--~--~dc 

hu hd· 

(b) 
UL ----/ ...... 

/ ' I \ 

I 

dL~-·--~-w-:~~~~·w--':~iH~~·~h~d~-----dc 

I 

4: 

Figure 4.4: Chargino diagrams which contribute to radiative down-type quark 

masses and are enhanced by large tan f3. 

canceled by the mixing angles of the same size in WnL, which will violate the 

FCNC constraints listed in Table C.l. Therefore, we will only consider generating 

KM mixing angles in the down sector. 

The flavor diagonal gluino diagram could give large corrections to the down 

quark masses if the corresponding Yukawa couplings already exist at tree lev'el. 

It does not generate fermion masses if they are absent at tree level, but gives 

large uncertainties in the tree level bottom Yukawa coupling ).~, which appears 

in these gluino diagrams. The flavor-changing gluino diagram (through m~JLtan (3) 

can give sizable down quark mass matrix elements involving light generations and 

therefore generate md and KM mixing angles. The first chargino diagram (Fig. 

4.4(a)) only gives significant contributions when one of the external leg is bR, i. e., 

it contributes to >.n13, An23 , >.n33• With some unification assumptions at high 

scales, one usually finds the chargino contribution to the bottom quark mass is 

smaller than and opposite to the gluino contribution [37, 38]. Here we do not make 
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assumptions about physics at high scales so both contributions lead to uncertainties 

in the tree level .A~. The contributions to .Av 13 and .Av23 are proportional to vtd and 

vts respectively, so they can only give corrections to the already existing mixing 

angles but not generate .them entirely. The second char gino diagram (Fig. 4.4(b)) 

is supressed by the weak coupling constant compared with other diagrams and 

will be ignored. In the following we will concentrate on the possibilities that the 

light fermion masses and mixing angles are. generated by the flavor-changing gluino 

diagram. 

-mu: The possibility that mu comes from radiative corrections by mixing with 

the third generation has been pointed out in [62]. We can see from Fig. 4.2 and.!:!!.~!. in 
mt 

Table 4.1 that if WuL31 WuR31 "'w-3
, mu can be generated entirely from radiative 

corrections. There is no direct constraint on the 1-3 mixing. The induced splitting 

between the first two generation left-handed squark masses could contribute to 

]{- i? mixing. However, this constraint is easily satisfied, so it is possible that mu 

is entirely radiative. 

-md: From Fig. 4.2 and Table 4.1. we can see that to generate md requires 

WvL31 WvR31 I'"V 2 X w-3 . Compared with the constraints derived from B-B mixing 

in Table C.1(a), this requires the sfermion masses to be in the TeV range, which is 

somewhat uncomfortably large. In addition, if md does get its mass from radiative 

corrections, we also generate the 1-3 entry for the down Yukawa matrix. Their ratio 
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IS: 

6...\nn _ WnL3I WnR3IH < WnR3I ;::;o.1, 
6...\n13 WnL 31 WnR 33H WnR33 

(4.3.10) 

for mb "' 1 TeV, assummg WnR33 ~ 1, where H = h(x3L, X3R) - h(x3L, XtR) -

in ( 4.3.2), ( 4.3.3). On the other hand, v.m4 ~ 0.3. We see that the generated L\.An13 
ubmb 

gives a too big contribution to Vub which has to be canceled by a tree level ..Xn 13. 

We now discuss the possibilities for radiative generation of KM elements. We 

take the independent parameters of the KM matrix to be Vus, Vub, Vcb and the CP 

violating phase. 

-Oc: To generate Oc we need WnL 31 WnR 32 "' 10-2
, assuming WnL(R) 33 ~ 1. 

From B - B mixing and b -t S/ decay, or J{ - k mixing alone, the sfermion masses 

are also required to be ~ 1 Te V in order to satisfy these constraints. Furthermore 

the phase of WnL 31 WnR32 has to be small ( < 10-1
) from the c parameter of CP 

\_ 

violation. Similar to the case of md, generating Oc radiatively may also give a too 

big contribution to Vub· If we try to generate md, Oc, and Vub all by radiative 

corrections, ignoring the difference between H and H, we obtain the following ratio 

for the mixing matrix elements from Table 4.1: 

By unitarity we obtain 

WnR33 ~ 0.55, WnR32 ~ 0.82, WnR 31 ~ 0.18. (4.3.12) 
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(Taking into account that H > H gives larger WnR 32 , WnR31 .) From Table C.l, 

we can see that mb has to be pushed above 2 Te V (even higher for the first two 

generations) to satisfy the constraints from both 6,.MK and b -+ S/. If there are 

0( 1) phases in these W's, the € constraints raise the lower limit of the squark masses 

to "'20 TeV, which is unacceptably large. Furthermore, it is unnatural for models 

to have such a large WnR 32 mixing. Therefore, it is unlikely that all KM matrix 

elements can be generated by radiative corrections. 
I 

-Vub: To generate Vub we need WnL 31 "'5 x 10-3 , which easily satisfies the B-B 

mixing constraints. Hence Vub can be generated radiatively, but as we learned from 

above, 'Vub and ()c cannot both come from radiative corrections, and neither can Vub 

and md. 

-Vcb: Attaching a photon to the diagram which generates 6,.mn23 gives a dia-

gram contributing to the decay b -+ S! . Hence one can write down the following 

simple relation between gluino diagram contributions to Vcb and to the Wilson co-

efficient c,(Mw) [63] for b-+ S/, 

( 4.3.13) 

=?- 7]
16

1
23

6,.c7(Mw) ~ (8mw )2 (5G )(6,.mD23). 
c7(mb)sM m9 H Vcbmb 

( 4.3.14) 

___ ____...~·-
where G = g(x3L,X3R)- g(x1L,-x3Rj,--and- g~is-defined ·in.~(4.3.o):-Th.e-gTuino di-

agram contribution to b -+ S! interferes constructively with the Standard Model 

contribution if Vcb is generated by the similar gluino diagram. Therefore, generating 

"Vcb radiatively .requires heavy gluino and squark masses ( ;:(:. 1 Te V) or cancellation 
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between the chargino diagram contributions to b--+ S! and other contributions. 

-CP-violating phases: From the above discussion we found that it is very dif

ficult to generate all KM mixing matrix elements by radiative corrections. This 

means that a non-trivial KM matrix should occur at tree level. There is one physical 

CP-violating phase in VKM, and several more in the quark-squark-gaugino mixing 

matrices. The number of CP-violating phases in the quark sector (not including 

the possible phases of the parameters A and J.l) is counted as in the following. 

There are four unitary mixing matrices WuL, WuR, WDL' WDR, (VKM is related to 

WuL t, WDL and hence is not independent,) connecting 7 species of quark and squark 

fields U£, dL, uR, dR, Q, tJ, D. Among the phases of these fields, 6 are fixed by the 

6 eigenvalues of the Yukawa matrices .\u and .\D (if there are no zero eigenvalues), 

one overall phase is irrelevant, so we can remove 14 of the 24 phases in the W's 

by phase redefinition of the quark and squark fields. Each massless quark removes 

one more phase by allowing independent phase rotations on the left and right quark 

fields. Each pair of degenerate quarks or squarks of the same species removes one 

phase as well. Assuming mu and md massless at the tree level, and degeneracies 

between the first two generation squarks, we can remove 5 more phases and there 

are still 5 independent phases left. One of them cannot be moved to the Wu 's and 

it can give significant contributions to the CP violation effects in the ]{ and B 

systems. 
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4.4 Guidelines for model building 

In the introduction we indicated some general features effective theories of 

flavor should have in order to generate radiative fermion masses. In particular, we 

pointed out that, in supersymmetric theories, an accidental superpotential symme

try is needed to ensure that the first generation is massless at tree-level, while this 

symmetry must be broken by D terms in order to obtain radiative masses. For 

instance, in the effective lepton models considered in [59], all holomorphic and fla

vor symmetric operators possess an accidental U(l)e1 x U(l)e1 which is violated by 

the D terms. From the point of view of an effective theory, then, it is representa

tion content and holomorphy which are responsible for accidental symmetries for 

every possible superpotential operator, thereby forbidding some Yukawa couplings. 

However, this is by no means a necessary condition for the existence of tree level 

massless fermions: We do not always generate every operator consistent with sym

metries when we integrate out heavy states. Thus, the condition that every effective 

operator in the superpotential possess an accidental symmetry is clearly too strong; 

we only need an accidental symmetry to exist for those operators induced by inte

grating out heavy states. For this reason, it seems that a deeper understanding of 

the accidental symmetries lies in examining the full theory, including superheavy 

states. This is our purpose in this section. We will find simple, sufficient condi

tions for guaranteeing the existence of tree level massless states after integrating 

out heavy states. We will also describe (in view of later application to the quark 
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sector) the structure of the tree-level KM matrix. These conditions will serve as 

convenient guides for the explicit models we construct in the next section. 

We begin by considering sufficient conditions for the existence of tree level 

massless states. Consider the lepton sector for simplicity. In Froggatt-Nielsen 

schemes, we have fields fa, ea (a = 1, 2, 3) which would be the three low energy 

left and right handed lepton fields in the flavor symmetric limit. However, there 

are also superheavy states with which l and e mix after flavor symmetry break

ing. In general, we have vector-like superheavy states (Li ffi Li) and (Ea ffi Ea), 

( i = 4, ... , n + 3, a = 4, ... , m + 3), with L, E having the same gauge quantum num

bers as£, e respectively, and with the barred fields having conjugate gauge quantum 

numbers. We also have a set of gauge singlet fields <P with VEV's (<P) breaking the 

flavor group G1. In the superpotential, we have bare mass terms for the (L, L) and 

the (E, E) fields, as well as trilinear couplings mixing <P's with light and superheavy 

states. We also have a large Yukawa matrix AlA (I= 1, ... , n + 3, A= 1, ... , m + 3), 

connecting the down-type Higgs hd to the (fa, Li) and (ea, Ea), 

( 4.4.1) 

Once the fields <P develop VEV's, we will have mass terms like, l (<P) L mixing light 

and heavy states. In order to diagonalize the bare mass matrix and go from the 

flavor basis to the mass basis (where "light" and "heavy" are correctly identified), 
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we must make appropriate (¢) dependent unitary rotations on the fields: 

(:) = UL((¢)) (:), L' = UL((¢))L, 

( ;: ) = UE((~)) (;), E' = UE((¢))E. (4.4.2) 

matrix becomes 

( 4.4.3) 

where summation over J and B is understood. In order to integrate out the (now 

correctly identified) heavy states at tree level, we simply throw out any coupling 

involving them. The Yukawa matrix ..X for the three low energy generation leptons 

is then 

( 4.4.4) 

We would now like to understand circumstances under which we can have a 

certain number .of zero eigenvalues for ..X. For ..X to have k ::; 3 zero eigenvalues, its 

rank must be 3- k. To see when this is possible, we make the simple observation 

that each row (or alternatively each column) of A contributes at most one rank to 

..X. Consider for instance the contribution to ..X from the J0 'th row of A. Defining 

we have 

' from row Jo _ X Y 
;'\Ot/3 - Ot /3' ( 4.4.5) 
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which is manifestly rank 1 if it is not identically zero. Define a non-zero row (column) 

of A to be a row (column) with at least one non-zero entry. Then, it is clear that a 

sufficient condition for A to have rank equal or less than 3- k is that the number 

of non-zero rows (or the number of non-zero columns) of A, up to rotations, equal 

3- k, i.e., A also has rank 3- k; since in this case A is of the form 

3-k 

AOt/3 = L x;y~, ( 4.4.6) 
J=l 

which is manifestly'rank 3- k or less (the case of interest to us is k = 1). We will 

make use of this criterion in the following section. 

We next turn to examining the tree-level KM matrix in the quark sector. In 

analogy to the lepton sector, we have Yukawa matrices Av and Au, 

( 4.4. 7) 

where all new fields are in obvious analogy with the lepton sector. Let us assume 

that the general condition stated above, ensuring the existence of a massless eigen-

value for Av and Au, is realized by Av and Au. Then, we can write 

( 4.4.8) 

Suppose in particular that Av and Au have nontrivial entries in the same two rows, 

in which case we can choose x~ = x~, i = 1, 2. Then, the resulting KM matrix has 

non-zero entries only in the 2-3 sector. The reason is that, since the first generation 

is massless, we can always choose a basis where the first generation quark doublet 

has no component of superheavy quark doublets with Yukawa couplings, and so 

122 



both AD and Au are only non-zero in the lower ·2 x 2 block. We can see this more 

explicitly as follows. First note that we can make a rotation on the left handed 

quarks to make x~ point in the 3 direction, and make independent rotations on the 

right-handed up and down quarks to make Yf3 and y~ also point in the 3 direction. 

In this basis, we have 

0 0 0 0 0 0 

ADa.{3 = 0 0 0 + 2.,. A , -Xo.-f3, Ua.{3- 0 0 0 
2 I + X 0 Zf3 ( 4.4.9) 

0 0 Tf 0 0 Tf' 
o.{3 o.{3 

However, we can always make rotations on the upper 2 x 2 block so that x 2
, z, z' 

have 0 entries in the first component. Using equation ( 4.4.9), we easily see that 

both AD and Au are only non-zero in the lower 2 x 2 block, and KM mixing only 

occurs in the 23 sector, as claimed. Thus, in order to have, for example, a tree level 

Be or Vub (as is necessary from our discussion in section 4.3), we must ensure that 

AD and Au do not have entries in the same two rows. Other than this case, we 

expect generically that all elements of the KM matrix exist at tree level. 

In this section we have shown that if the Higgs couples in only 2 rows or 2 

columns of the full Yukawa matrix to matter, then there will be a light generation 

which is massless at tree level. The required sparseness of Higgs couplings is due to 

. G f and holomorphy. 
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4.5 Realistic models for radiative fermion masses 

In [59]; some explicit lepton models of flavor with radiative electron mass are 

presented, which naturally fulfilled the phenomenological requirements of Sec. 4.3; 

namely, the electron is massless at tree level, the muon picks up a tree level mass 

upon integrating out heavy states, muon number is conserved, and D terms yields 

e - T mixing which generates a radiative electron mass. In this section, we begin 

by presenting the lepton model most readily extended to the quark sector, the full 

model with flavor group G1 = SU(2)e x SU(2)e x U(1)A, then give an extension to 

the quark sector. 

4.5.1 The lepton model 

The lepton model is based on the flavor group G1 = SU(2)e x SU(2)e x U(l)A· 

The fields are categorized as light/heavy and matter/Higgs in Table 4.2. 

Light 

Matter £3 (0),£!(+1) 

e3(0), ei( -1) 

Higgs h(O) 

Heavy 

L( +2), LI( +1), L( -2), L1 
( -1) 

E( -2), Ei( -1), E( +2), £i( +1) 

<Pa( + 1 ), <Pei( -1 ), S(O) 

Table 4.2: Field content and G 1 transformation properties for the lepton model. 

I, .i are SU(2)e and SU(2)e indices respectively, the numbers in brackets are the 

U(1)A charges. 
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We require the theory to be invariant under matter-parity (Matter--+ -Matter) 

and heavy-parity (Heavy --+ -Heavy). Here, matter-parity is crucial to avoid 

dangerous R-parity violating couplings, but the heavy-parity is imposed only for 

simplicity. 1 Requiring these discrete symmetries and G 1 in variance gives us the fol-

lowing renormalizable superpotential (where all dimensionless couplings are 0(1)) 

-I -I IJ -+ ftl3L <h.I + /2fiL S + !JRit </>lJL 

(4.5.1) 

Note that this superpotential has only two Yukawa couplings A3 ( for the r) and 

A4 (for the superheavy L, E). Therefore, using the results of the last section, we 

are guaranteed to have a tree-level massless state after we integrate out the heavy 

fields; 2 we identify this state with the electron. 

The fields ¢>£, <Pe and S take VEV's which break the flavor symmetries. We can 

assume without loss of generality that(¢>£)= (v£,0),(</>e) = (ve,O). As described 

generally in the previous section, these VEV's mix the light and heavy states and 

1However, both ofthese parities are automatic in the SU(3)t x SU(3)e models considered in 

[59]. The U(l)A factor in GJ also finds a natural explanation in these theories. We do not use the 

SU(3) theories here as a starting point here because the requisite modifications to go to the quark 

sector are more difficult to see than in the SU(2)t x SU(2)e x U(l)A model we are considering. 
2 Actually, in this theory the existence of a massless state can already be seen in the effective 

theory as described in [59]. 
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we must rotate to the mass basis where "light" and "heavy" are properly identified. 

An approximation to the resulting rotation on the Yukawa matrix is shown in Fig. 

4.5, and we generate the following superpotential term for the light fields: 

(4.5.2) 

so, we can idep._tify (f2 , e2 ) with the muon and (.e~, e1 ) with the electron. 

hd 
I 
I 

L L I fx E 
f_ .. I .. X • I .. I • e 

I I 
I I 
I I 

cPe </Je 

Figure 4.5: The diagram which generates the second generation masses. 

Let us look at the above rotation more directly [24]. Setting </>e,<Pe, S to their 

VEV's gives the follwing mass terms in the superpotential: 

plus similar terms for the E's, where ce = -f./<, ~ = /J vl , c.~ = IjS). Thus, the 
L Lr Lr .. 

mass basis is related to ~the flavor basis via f' = Uef, where .etr = (f1 , f 2 , f 3 , L, L1 , L 2 )'. 

126 



To a first approximation, we have 

1 0 0 0 f."* - e 0 

0 1 0 -f.£ 0 f."* - e 

0 0 1 0 f.'* 0 - l 

Ue= (4.5.4) 

0 f.e 0 1 0 0 

f." (. 0 f.~ 0 1 0 

0 f." ( 0 0 0 1 

Completely similar statements hold for the e's. Now, in the original flavor basis, 

the Yukawa matrix A is 

0 0 0 0 0 0 

0 0 0 0 ·0 0 

0 0 .>.3 0 0 0 
A= (4.5.5) 

0 0 0 ).4 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

After rotating to the mass basis, we have 
' 

0 0 0 0 0 0 

0 f.(f.eA4 0 -f.eA4 0 0 

0 0 ).3 0 f.~A3 0 
A'= u;Au! = (4.5.6) 

0 -f.eA4 0 ).4 0 0 

0 0 f.~A3 0 I I A 
f.ef.e 3 0 

0 0 0 0 0 0 
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Dropping all couplings to the heavy states, we obtain the low energy Yukawa matrix 

A, 

0 0 0 

A= 0 cece.A4 0 (4.5.7) 

0 0 ,\3 

just as we found earlier. 

Note that the VEV's (<h) and (</>e) do not completely break G1; the generator 

( 4.5.8) 

annihilates both (</>e) and (</>e), and corresponds to the muon number:3 

(4.5.9) 

We now have most of what we want; we need only show that the required mixing 

between the T and e is generated in the scalar mass matrix. We can generate D 

term mixings upon integrating out heavy states [24]. The diagram in Fig. 4.6 gives 

( 4.5.10) 

Note that this term explicitly breaks the U(1 )e1 chiral symmetry associated with the 

zero tree-level Yukawa coupling of the electron, so we expect the required mixing 

3The U ( 1 )A factor in G f can be replaced with its Z4 subgroup and still avoid dangerous 

muon number violating processes; after the VEV's are taken there is a symmetry under (£2 , e2)-+ 

( -£2, -e2) which still forbids mixing between the scalar p and r, e, therefore avoiding the dangerous 

p --+ e7 decay. 
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</J£1 s 
i I 

I I 
T ..t. 
I I 

e3 ... 4 .. e1 
LI 

Figure 4.6: D term mixing between the first and the third generations. 

between rand e to occur. Let us check it more explicitly. The D term part of the 

lagrangian is f d4B( ¢>t¢>+ B202q}m2¢>), where¢> is a collection of all the fields and m2 

is the soft supersymmetry breaking scalar mass matrix. When we rotate to the mass 

basis, we send¢>~ U¢>. Under this rotation, ¢>t<l> is invariant, but m 2 ---+ Um2Ut.4 

In our example, the scalar mass term for the left-handed lepton fields is ttm;.e, with 

4This is not strictly speaking correct, since supersymmetry breaking can affect the rotation to 

the mass basis. For instance, in Fig. 4.6, we could attach s purions ()2 and 02 to the superpotential 

vertices, obtaining a direct contribution to the scalar mass matrix of order IAI2 , where. A is the 

trilinear soft term associated with the superpotential vertex. Put another way, we can have 

spurions 82 in the rotation matrix U, and get contributions to the scalar masses from rotating -

<Pt¢. These contributions are of the same order as the ones we are discussing, but do not affect 

any of our results. 
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energy generations is then 

m;a~x3) = (UtmiU})a/3 

mi3 + lc~l2mL 0 

0 0 

0 

(4.5.11) 

The zero entries in the above matrix are a consequence of the unbroken U(1)JL 

symmetry of the theory. We can explicitly see the 1-3 entry generated in the scalar 

mass matrix, which, together with the corrseponding 1-3 entry in the the right-

handed scalar mass matrix, is responsible for generating the radiative electron mass. 

There are two difficulties when we try to extend the lepton model for radiative 

electron mass to the quark sector. First, the radiative down quark mass is severely 

constrained by B - B mixing as we showed in Sec. 4.3. This can be resolved if 

the SUSY-breaking masses are heavy enough ( ;G 1 TeV). The other problem is 

that in addition to the quark masses, we also have to get the correct KM mixing 

matrix. As we have shown in Sec. 4.3, it is very difficult to generate all KM mixing 

matrix elements: squark masses have to be pushed up to unacceptably high scales 

and unnatural flavor mixing gaugino interactions are needed. Excluding that pos-

sibility, one has to put in some mixing angles at tree level. In subsection 4.5.2 we 

present a model in which all first generation fermion masses come from radiative 

corrections. In subsection 4.5.3 we construct a model in which me and mu come 
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from radiative corrections while md and Oc appear at tree level with the prediction 

sin Oc = Jmd/ms. We show that this model can be naturally embedded in the 

flipped SU(5) grand unified theory. 

4.5.2 A complete model for radiative first generation 

fermion masses 

The complete model for quarks and leptons is based on the same flavor group 

G1 = SU(2)t x SU(2)r x U(1)A as in the lepton model. However, a minimal direct 

extension of the lepton model to the quark sector does not give tree level KM 

mixing angles. Following the guidelines to generate tree level Oc and Vub in Sec. 4.4, 

we need to introduce two heavy left-handed SU(2)t singlet quarks Q, Q' (and their 

conjugates Q, Q').5 Their U(1)A charges are assigned such that Q only couples to 

the up-type Higgs but not the down-type Higgs and vice versa for Q'. In addition, 

there cannot be an unbroken U(1) left in the quark sector, so we introduce a second 

SU(2)t doublet </>~, and a second SU(2)r doublet </>~, whose VEV's are in different 

directions from the directions of ¢>1 and ¢>;. VEV's, breaking G 1 completely. The 

field content and G 1 transformation properties of the quark sector are shown in 

Table 4.3. We also impose matter-parity and heavy-parity. The VEV's of </>, </>' and 

5Second pairs of heavy U', U' and D', [y are not included in our discussion. They can be 

added as long as their U(l)A charge assignments forbid their Yukawa interactions with the Q's 

and Higgses. 
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Light Heavy 

U3 ( Q), Ui ( -1) U( -2), 0( +2), ui ( -1), [!i ( + 1) 

Matter q3(0), qi( +1) Q( +2), Q( -2), Q'(O), Q'(O), QI(+1),Q1(-1) 

d3(0), d;(+1) D(O), D(O), Di( +1 ), [)i( -1) 

Higgs hu(O), hd(O) ¢>II(+ 1), </>ri( -1), ¢>~!( -1), ¢>~;( +1), S(O) 

Table 4.3: Field content and G1 transformation properties of the quark sector. I 

and i are SU(2)L and SU(2)r doublet indices and the numbers in brackets are U(1)A 

charges. 

S are assumed to take the most general form: 6 

(¢>II) 
( 

V[O ) ( Vro ) 
= 0 ' (</>ri) = 0 ' 

( 

V[1 ) ( Vrl ) ' (</>~i) = . ' 

V[2 Vr2 

(S) = Vs· (4.5.12) 

Because we are dealing with a full theory, we restrict ourselves to renormalizable 

interactions only and all possible renormalizable interactions consistent with the 

symmetries are included. Nonrenormalizable interactions are assumed to be absent 

or suppressed enough so that they can be ignored. The G J transformation properties 

of the up sector are identical to those of the lepton model so the analysis is exactly 

6</Ju, <Pri can be put in this form by SU(2)1 and SU(2)r rotations, then <P;1 , <P~i VEV's will 

take the general directions if there are no alignments between <P~r, <P~i and <Pu, <Pri. Here we will 

not specify the origin of these VEV's. 

132 



the same as in the lepton model. The superpotential for the up sector is 

( 4.5.13) 

Note that although we introduce another pair of G 1 breaking fields <P~ 1 and <P~;, they 

do not have renormalizable interactions with the up sector and the lepton sector. 

The only such G 1 invariant interactions 

( 4.5.14) 

are forbidden by heavy-parity. Therefore, we do not generate muon number violat-

ing operators even though G 1 is completely broken. 

The superpotential of the down sector is given by 

+f.' IJ Q-'"'' +f.' Q-'S q3€ ql '1/IJ q4q3 

(4.5.15) 

The fd1 and fd2 couplings are responsible for the D term mixing between d3 and 
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with Q' and they are responsible for generating tree level Yukawa couplings among 

d2 , d3 , and qh q2 , q 3 with hd. After integrating out the heavy states, we obtain the 

following tree level Yukawa matrices for the up quarks and down quarks: 

0 0 0 0 €~1 €d2).d4 t~1 td3>.d4 

.Au= 0 tq2tu2Au4 0 ,Av= 0 t~2 td2>.d4 t~2td3>.d4 (4.5.16) 

0 0 Au3 0 <3td2).d4 t~3td3).d4 + ).d3 

where, 

Both matrices are of rank 2, as suggested by the theorem of Sec. 4.4, (although this 

cannot be seen from the effective theory point of view). Now we have a massless state 

in each of the up and down sectors and all mixing angles are generated at tree level. 

mu and md are then generated radiatively by the mixings between the first and the 

third generations induced by fq 11 fq2, fu1, !u2, and !db fd2 with intermediate CJ', 0, 

and D states. h 3 , h 4 , f~3 , f~4 also induce the D term mixings among generations 

with intermediate D and CJ' states. For example, the mixing between q3 and q2 is 

""'~3 t~2 , which is about the same size as the corresponding KM mixing angle. For 

large tan/3 they can give sizable corrections [0(50%)] to the KM matrix elements. 

Since we do not know the exact size and the sign of these corrections, if we just 

take m 5 , sin ()c and "Vcb to be approximately equal to the tree level results, then we 
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have [within 0(50%) accuracy] 

Vcb rv 
I . Ad4 

rv 4 x w-2
, Eq2€d3;:-

d3 

ms I Ad4 
~ 2.7 x w-2

, rv 
Eq2Ed2;:-

mb d3 

sin Be ~ 0.22 

Combining the above relations, we obtain the approximate tree level Vub 

vtree 
ub 

( 4.5.17) 

( 4.5.18) 

which is about a factor of 2 bigger than the central value. However, as we found 

in Sec. 4.3, when we generate md by radiative corrections, we also generate v:td 

bigger than the central value by about a factor of 3, which has to be cancelled by 

the tree level v;[ee. If the sign is right, (4.5.18) is just in the range which can cancel 

against the radiative contribution to produce the correct Vub· Therefore, realistic 

values for all quark masses and KM mixing angles can be obtained. Naively, one 

might expect that it is difficult to have massless first generation quarks at tree level 

because of the Cabibbo angle. Here we showed, with the help of the theorem of 

Sec. 4.4 for the rank of the Yukawa matrices, that one can naturally get massless 

up and down quarks at tree level, while having nonzero sin Be. 

4.5.3 A model of radiative mu, me, and tree level md 

As we have mentioned, a radiative md is only barely consistent with B - B 

mixing with very heavy SUSY-breaking masses. In this subsection, we present a 
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model in. which md is nonzero at tree level, while mv. and me arise purely from 

radiative effects. The flavor group is Gf = SU(2)r X SU(2)F X z4. The reason 

for the subscripts of the SU(2) groups will be clear later. U(1)A is replace by its 

subgroup Z4 • Matter-parity and the heavy-parity are imposed as well. The field 

content is shown in Table 4.4, where I, i are SU(2)F and SU(2)r indices respectively, 

and the numbers in brackets are the Z4 charges with n and (n mod 4) identified. 

</Jr;, <PFI, S and X have nonzero VEV's: 

(<for;) = ( v: ) , (<fon) = ( v: ) , (S) = v, (X) = v., (4.5.19) 

which break G f completely. In this model there is only one pair of SU(2)r,F breaking 

Light Heavy 

e3(0), e;( -1) E( -2), E( +2) E;( -1), £i( +1) 

f3(0),fi(+1) L( +2), L( -2) LI(+1),L1(-1) 

Matter u3(0), u1( +1) U( +2), U( -2), UI(+1),U1(-1) 

q3 ( 0)' q; ( -1 ) Q( -2), Q( +2), Q;(-1),Qi(+1), Qi ( + 1)' Q'i ( -1) 

d3(0), d;( -1) D( -2), fJ( +2), D;( -1), fJi( +1), Di( +1), D';( -1) 

Higgs hv.(O), hd(O) <Pr;( -1 ), <PFI( + 1 ), S(O), X(2) 

Table 4.4: Field content and G f transformation properties of the model with radia-

tive mv., me, and tree level md. 

fields </Jr;, <P F 1. The tree level massless electron and up quark can be easily seen in an 

effective theory point of view[59], because the only SU(2)r,F invariant holomorphic 
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combinations of the two light generations and fields with nonzero VEV's for the 

cannot give Yukawa couplings to both light generations with hu and hd. In the down 

sector, q's and d's have the same G 1 transformation properties. One can write down 

the effective operator 

Eijq·hdd ·X s 
t J ' 

(4.5.20) 

which generates the 12 and 21 entries of the down Yukawa matrix with equal size 

and opposite signs. Hence we can obtain both Be and md at tree level with the 

experimentally successful relation sin Be ~ Jmd/ms. 

Compared with the lepton model discussed earlier in this section, the extra 

X field is required to break the left over "second generation parity" in order to 

generate Vcb and Vus but it may also induce a too big J1 --+ e1 rate, which will 

be discussed later. The Q~, Q'i, D~, D'i are responsible for generating the operator 

( 4.5.20). They can be omitted if nonrenormalizable operators are allowed and are 

sufficiently large. In fact, because this model can be analyzed in the effective theory 

point of view, including nonrenormalizable interactions will not affect our results. 

However, for simplicity and completeness, we will analyze the full theory and restrict 

ourselves to renormalizable interactions. 

The lepton sector and the up quark sector are similar to the previous models. 

We will not repeat the detailed analysis. The only difference is that with the 
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additional X field, we can have the following extra interactions: 

( 4.5.21) 

They mix the third gener~tion with the heavy SU(2)T(F) singlet generation. In 

combination with cii<f>Tie)!;, c1J</>nfJL, f.IJ</>nuJU, and cii<f>Tiq/j, they generate 

the 23 and 32 entries of the Yukawa matrices and also the D term mixing between 

the second and the third generations. For the up quark sector, the D- jj mixing 

constraints are very weak and hence easily satisfied. However, for the lepton sector 

the constraint from the J.l --+ e1 rate requires the 2-3 mixing to be no bigger than 

0(10-3 ), while the naive expectation of 2-3 mixing in this model is of the order "Vcb· 

Therefore, one has to assume that the couplings of the X field to the lepton sector 

are small, or prevented by some extra symmetries. We will see that this is possible 

to achieve later. 

In the down quark sector, in addition to the usual interactions, 

+ fqiq3C/</>Ti + Jq2qJjiS + fq3EiiqJJ</>Ti 

+ id1d3fi</>Ti + fd2di!JiS + id3ciidiD</>Ti· 

(4.5.22) 

which give the tree level bands quark masses and 1-3 D term mixing, we have the 

following interactions as well, 

W~ = fqsqijX + !dsd3DX 
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. . 

+ Jq6q/J't X + h6di [yt X 

(~.5.23) 

As we have discussed before, the Jqs, hs couplings induce the 23 and 32 entries 

of the Yukawa matrix and the 2-3 D term mixing, so that Vcb can be generated. 

Jq6, h6, Ads, Ad6 together with fq2, h2 couplings generate the operator ( 4.5.20), 

which gives Be and md, and the successful relation sin Be= Jmd/ms. The tree level 

down quark mass matrix takes the following form, 

0 c 0 

-C E B ( 4.5.24) 

0 B' A 

while the tree level up quark and lepton mass matrices have nonzero entries in 

the lower 2 x 2 block. In addition to mu and me, Vub is also generated by radia-

tive corrections from the 3-1 mixing WnL 31 • The required size of WvL 31 is much 

smaller than that required for generating md radiatively, so the phenomenological 

constraints are easier to satisfy as we have discussed in Sec. 4.3. 

Looking at the G 1 transformation properties of the fields, one can see that this 

model can be embedded into the flipped SU(5) grand unified theory(64]: q and d 

(and the not discussed right-handed neutrino n). belong to the 10 representation of 

flipped SU(5), u and f. belong to the 5 and e is a singlet 1 under flipped SU(5). 

SU(2)r is a fl<:vor group for the 10's and SU(2)F is a flavor group for the S's. In 
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Table 4.4, thee's are assigned to transform under SU(2)r. Here one can either have 

them transform under a different SU(2)s, or simply identify SU(2)s with SU(2)T. 

One nice feature of embedding this model into flipped SU(5) is that the X field 

can be assigned to the 75 of SU(5). Because only the 10 x 10 contains 75 and 

the 5 x 5, 1 x 1 do not, the X field can only couple to q and d but not the lepton 

sector. Then the f.l-T mixing and hence the troublesome f.l ---+ e1 decay rate can be 

removed. 

After flipped SU(5) is broken, we do not expect the couplings and the mixings 

to be the same for fields belonging to the same representations of the flipped SU ( 5). 7 

But if we assume that they are of the same order, the radiative me, mu and Vub 

are also consistent: radiative Vub does not need a big WDL 31 (rv 10-2
), then WuR31 

has to be quite big (;;::: 10-1 ) for generating mu; but so is its flipped SU(5) partner 

WEL 31 for generating me. On the other hand, Au, AD, and AE are independent 

in flipped SU(5) models. They can take suitable values so that all the tree level 

quantities come out correctly. 

4.6 Conclusions 

In this chapter, we have considered the possibility of generating some of the 

light fermion masses through radiative corrections. Any theory of radiative fermion 

7If flipped SU(5) were not broken, the tree level 12 and 21 entries of the down quark mass 

matrix would riot be generated, because cij 10; lOj hdX S vanishes. However, since the flipped 

SU(5) is broken, q's and d's can have different mixingsso that ciiq;djhdXS can be nonzero. 
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masses must have an accidental symmetry for the Yukawa sector guaranteeing the 

absence of tree level masses, while this symmetry must be broken elsewhere in the 

theory for any mass to be generated radiatively. In our discussion, supersymmetry 

has been crucial in naturally implementing this scenario: supersymmetric theories 

automatically have two sectors (the superpotential and D terms) which need not 

have the same symmetries; because of holomorphy the superpotential may have ac

cidental symmetries not shared ,by the D terms. Furthermore, the particles in the 

radiative loop generating the fermion masses are just the superpartners of known 

particles, and must be near the weak scale if supersymmetry is to solve the hierar

chy problem. Thus, supersymmetric theories of radiative fermion masses can lead 

to testable predictions. Working with supersymmetric theories with minimal low 

energy field content, we found (with the plausible assumption that the accidental 

flavor symmetries of the tree level Yukawa matrix are only broken by soft scalar 

masses) that FCN C constraints allow only the first generation fermion masses to 

have a radiative origin. 

In the lepton sector, a rather large mixing between the selectron and stau is 

needed in order to generate the electron mass. This implies that mixing with the 

smuon must be highly suppressed in order to avoid too large a rate for 1-L --+ e1. The 

large selectron-stau mixing also gives rise to a significant rate for r --+ e1 which is 

only a factor 10-100 lower than the current experimental limit. 

In the quark sector, in addition to the quark masses, the KM mixing matrix 

must also be obtained. The FCNC constraints strongly limit the possibilities of 
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generating light quark masses and mixing angles. We found that mu and Vub can be 

generated by radiative corrections, while radiatively generating any of ma, Be, and 

Vcb requires heavy scalar masses ("' 1 Te V). Further, it is very difficult to generate 

ma, Be, and Vub together radiatively unless the scalar masses are between 2 and 20 

TeV, which we view as unacceptably high. These constraints cause the principle 

difficulties in constructing a model of quark flavor with radiative masses. 

We introduced a lepton model with flavor group SU(2)e x SU(2)e x U(!)A 

and then extended it to the quark sector. The lepton model has a number of nice 

features: the SU(2) breaking </> VEV's are responsible for both D term mixing 

between the first and the third generation and generation of the second generation 

mass, so the ratio between the radiatively generated first generation mass and the 

second generation mass is naturally of the order 1/(167r2 ). Further, muon number 

is conserved so that the dangerous rate for J.l -1- e1 is avoided. A direct extension 

of this model to the quark sector cannot generate the correct KM mixings, which 

requires the addition of more fields and flavor symmetry breakings to the theory. 

We presented two complete models with radiative fermion masses. In the first 

motdel, all first generation fermion masses come from radiative corrections, and there 

are also tree level contributions to Be and Vub as required by the FCNC constrai~ts. 

First generation fermions are guaranteed to be mas~less at tree level by requiring 

the "big" Yukawa matrices of the full theory to be rank 2. Requiring a tree level Be 

and Vub forces us to add anoth~r heavy left-handed quark Q' and its conjugate Q', 

and another pair of SU(2)l,r flavor symmetry breaking fields <l>l.r· Muon number is 
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still conserved as a consequence of the field content and charge assignments of the 

theory. With these minimal extensions, we obtain a complete theory of radiative 

first generation fermion masses with successful values for KM mixing angles. 

In view of the fact that a radiative md and B-B mixing are only compatible for 

very heavy scalar masses, we also constructed a second model in which mu and me 

come from radiative corrections but md and Be arise at tree level with the successful 

relation sin Be= jmd/ms. The dangerous J.l ~ e1 rate can be naturally suppressed 

if we embed this model into the flipped SU(5) grand unified theory. 
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Appendix A 

In this appendix, we first give a more complete treatment of mixing matrix 

scaling in the lepton sector, and then give a treatment for the quarksector. 

Let us return to (3.5. 7) and consider the effect of including the ( (k(E hi term. 

In general the scaling from MpL to Me will generate a (k(E not diagonal in the 

same basis as .xk.xE, so we expect some non-zero ((k(Eh· From the RGE for (E, 

neglecting gauge couplings, 

We have 

~ ((k(E) = 5[(k(EA1AE + A1AE(k(E] + 2Tr(3.Xb.Xv + .x1.xE)(k(E 

+ 8(k-XE-X1(E + ((k.XE + .xk(E) Tr(6(v.Xb + 2(E.x1). (A.2) 

Then, to first order in the off diagonal parts of (k(E and (E(k, and keeping only 

third generation Yukawa couplings we have 

~ ((k(E)Ji = ((k(Ehi[17).~ + 6).~ + 61]AbA-r], 
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where TJ = ;v~3 • Because of the large numerical coefficient in front of .A;, .A~ in the 
~E33 

above equation, (d;CEh is driven to zero more rapidly than WL3i, after which it 

ceases to have any effect on the running of WL3 i. More explicitly, from (3.5. 7) we 

have that 

d ( 2 ( ) J.CG dt' .A~(t')) _ 2( t ) ·( ) 1/G dt' .A~(t') 
- mL3i t e t - CECE 3e t e t • 
dt 

(A.4) 

Solving (A.3) for (ckCEh(t) and inserting into (A.4) we get 

-.d ( 2 (t) j/G dt'.>.~(t')) _ 2(~'"t I" ) ·(M ) - j/G dt'[16.A~+6.A~+61J.>.b.>.t](t') dt mL3i e t - '>E'>E 3t G e t • (A.5) 

Integrating (A.5), we find 

2 (M ) I 2 (M ) = 2 {
0

tG dte- J;tG dt'[16.A~+6.A~+67J.>.b.>.r](t') -m L3i s e T + m L3i G Jo 

(A.6) 

So, we have 

(A.7) 

We expect mi3 i and (CkCE) 3 i to be related by some combination of Clebsches x at 

Ma as follows: 

(A.8) 

Where A0 , m5 are the universal A parameter and scalar mass at Mp£, respectively. 

Then, we have from (A.7) 
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Clearly if h:#x ~ 1, inclusion of the ((k(Eh; term in (3.5.7) does not change 
mo 

A2 
any of our results. If h3x "' 1 or ~ 1, we can still of course use (A.9), but the 

mo 

suppression effect may disappear. A simple estimate shows, however, that <5 itself is 

already small ""' 1
1
0 , and so we are only in trouble if ~xis big. To see this, replace 

Ar, Ab and 'T) by some average values ).r, ).band ij in the expression (A.6) for <5. Then, 

(A.10) 

So, 

(A.ll) 

For the ). 's between 0.5 and 1, and ij rv 1, l.bl ranges from k to 1
1
5 • 

How can we qualitatively understand the above results for the scaling of mixing 

matrices? The renormalization group equations try to align the soft supersymmetry 

breaking flavor matrices with whatever combination of flavor matrices responsible 

for their renormalization. However, because a given coupling can only be renor-

malized by harder couplings, there is a hierarchy in which flavor matrices affect the 

running of others. The Yukawa matrices, being dimensionless, can only be affected 

by other Yukawa matrices. In the lepton sector, this is the reason that the basis in 

which e.g . ..\k..\E is diagonal does not change. Next, the soft trilinear terms, hav-

ing mass dimension one, can only be affected by other trilinear terms and Yukawa 

couplings. Again in the lepton sector this means that e.g. (k(E tries to align itself 

with ..\1..\£. Finally, the scalar mass, having dimension two, are affected by every-
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thing: mi_ tries to align with .x1.xs, but suffers interference from CkCs, unless CkCs 

is diagonal in the same basis as .x1.xs. Even if CkCs is not diagonal in the same 

basis as .x1.xs, it is trying to align itself with .x1.xs, so mi will still tend to align 

From the above discussion, it is clear that the situation is slightly complicated 

in the quark sector. In the lepton sector, there was a fixed direction in flavor space 

given by .Xs, with which the soft matrices aligned. In the quark sector, we have 

both >..u and >..n, and >..u.xh, >..n>..b are misaligned (VKM =1- 1). This complicates 

the analysis for WuL, WnL so we discuss them last. Let us now examine the scaling 

of WuR, Wnw (Throughout the following, we assume degeneracy between first two 

generation scalar masses, we negled all· Yukawa coupling matrix eigenvalues except 

those of the third generation, and we do not include the effect of trilinear soft terms 

in the scaling. The last assumption is made for simplicity; we can make similar 

arguments about the importance of these neglected trilinear terms ~s we did above 

in the lepton sector.) 

First, we show that the basis in which >..h>..u is diagonal remains fixed. The 

RGE for >..h>..u is 

Working in a basis where >..h>..u is diago~al, let us see if ft>..h>..u has off-diagonal 

components. We have, (recalling that in this basis >..b>..n = VKMXb VkM ), 
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= 0 for i, j =f. 3 (A.13) 

since we neglect all Yukawa's except the third generation. Similarly, the basis in 

which ..xb..xv is diagonal does not change. Thus, the discussion for the scaling .of 

WuR, WvR is completely analogous to that in the lepton sector, and we find 

t - -2I,flmb(Ma) . t 
WuR3iWuR33 (Ms)- e tlmb(Ms) WuR3iWuR33 (Ma), (A.l4) 

t _ -2Ibflmh(Ma) t 
WvR3i WvR33 (Ms)- e flmh(Ms) WvR3i WvR3(Ma). (A.l5) 

We now turn to WuL, WEL· Let VuL (t) be the matrix diagonalizing ..Xu..Xb(i): 

(A.l6) 

In the superfield basis in which .\u.\b is diagonal, the squark mass matrix is rnb*3 i = 

. t d. d - 2* N we are m ereste m· dtmQ3i. ow, 

(A.l7) 

The second term is the analogue of what we have already seen in the lepton and 

right-handed quark sector; using the RGE for mb* we find to leading order 

( vJL ~ m~·vuL), = (A; + Ailiiibs;· (A.l8) 

Now, vJL :t VuL is obtained from the RGE for .Xu ..X&. Actually, note that 

(A.l9) 
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so that only [VJL ft VuL, Xb] is determi~ed. (This is a reflection of the fact that 

VuL is not unique: let X(t) be any unitary transformation leaving mb(t) invariant: 

mb(t) = xt(t)mb(t)X(t). In our case, X(t) is most generally a U(2) matrix in the 

first two generation subspace. Then, if VuL diagonaliz~s mb*, so does VuLX. Under 

h. h v,t d v · · · b [Vrt d v -2 ] · · · ) F h tIS c ange, ULdtvuL IS not mvanant, ut ULdivuL,>..U zs mvanant. urt er, 

since we neglect first two generations Yukawa eigenvalues, [VJL ft VuL, Xb]ij = 0 for 

i,j = 1, 2, and only [VJL 1t VuL' Xbb(i3) = (+).x;vJL 1t vAi3(3i) is determined, and we 

can choose all other components of vJL ft VuL to vanish. From the RGE for >..u>..b, 

(A.20) 

we find 

(A.21) 

and thus 

(A.22) 

Thus to leading order 

(A.23) 

and finally we have 
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Similarly we find 

We can formally solve the above equations, e.g. 

_(I ~I+ ( 1
G dt'>.2 vkM3i VKM33) A 2 (M. ) 1 

b Jo b w wt ~m G 
}V; w,t (M ) - UL3i UL33 Q }V; w,t (M. ) 

uL3i UL33 s - e ~mb(Ms). UL3i uL33 G ' 

(A.26) 

and, to a good approximation, given that WuL3i does not scale very significantly, 

we can replace 

(A.27) 

So, an approximate solution of the RGE for WuL, WnL is 

and similarly 

The above results are in agreement with qualitative expectations; the extra 

terms in the exponential of (A.28) and (A.29) are a reflection of the fact that the 

bases in which -"u-"b and >..n>..b are diagonal change with scale. For moderate tan (3, 

however, we expect that the basis in which >..u>..h is diagonal should not change with 

scale, and in this limit the extra term drops out of (A.28). 
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• 

Appendix B 

In this appendix, we consider the possibility that the soft supersymmetry 

breaking trilinear A terms do not respect the chiral symmetries of the Yukawa 

matrix [65, 66]. Before beginning the discussion of radiative fermion masses in 

this scenario, let us consider the constraints imposed on the form of the A matrix 

by requiring the desired vacuum to be the global minimum of the potential. (The 

extent to which this is a neccesity is discussed at the end of this appendix). Consider 

the lepton sector for simplicity (identical arguments hold for the quark sector). Let 

us work in a basis where the lepton Yukawa matrix is diagonal and has I< zeros. 

There are D-fiat directions in field spa~e where the right and left handed lepton fields 

and the down type Higgs are nonzero. If we restrict ourselves to the I< massless 

generations, there are no quartic terms in the potential along the D-fiat directions; 

all we have are the cubic A terms and the scalar masses. But, if the A terms are 

non-zero in the I< x I< block of the massless generations, there will be directions 

in field space where the cubic terms become indefinitely negative and cannot be 

stabilized ·by the quadratic mass terms. This can only be avoided if the A terms are 
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zero in the I< x I< block of the I< massless generations. This constraint is in itself 

quite powerful. For instance, if I< = 3, we must have that the A matrix is zero, and 

the argument that one cannot generate any radiative masses goes through exactly 

as in section 4.2. Next, let us consider the case I< = 2. In this case, the A matrix 
• 

must be zero in the upper 2 x 2 block. Note that we can make a rotation on the 

first two generation scalars to make Ai3 , A3i zero for either i = 1 or i = 2. Now, the 

potential is no longer unbounded below, but there is still a local minimum along 

the D-fiat directions for the first two generations where both left and right handed 

fields aquire VEV's, breaking electric charge. We require that the energy of this 

minimum is greater than that of the usual minimum, which is - ~ M'iv 2
• For scalars 

much heavier than (Mzv)t = 150 GeV, we can approximate this requirement by 

demanding that the electric charge breaking minimum has energy greater than zero. 

A straightforward calculation analogous to that in [67] then gives us the following 

constraint, where we assume that all relevant scalars are degenerate with mass m: 

(B.1) 

There are corrections to this inequality due to the fact that the true vacuum energy 

is not zero but -~M'iv2 ; still assuming m ~ 150 GeV the correction takes the form: 

(B.2) 
• 

With these constraints in hand, we begin the phenomenological analysis. Sup-

pose that the scalar masses did not break the chiral symmetries of the Yukawa 

matrix. Then, since one of A31 ,13, A32,23 can be chosen to be zero by rotations, 
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one generation would remain massless to all orders of perturbation theory. Thus, 

in order to generate both generations radiatively, we must have that both the A 

terms and the scalar masses break the chiral symmetries of the Yukawa sector. In 

the following, we consider the possibil~ty that the A terms generate one mass ra-

diatively while the scalar masses generate the other mass. It is easy to see that 

this is impossible in the lepton sector: the muon mass is too big to be generated 

radiatively, and even if we could, we would generate too large a rate for T -+ J.ll. 

Moving on to the quark sector, we have four cases to consider: 

(1) md from scalar masses and m 5 from A terms: In the mass insertion approx-

imation, assuming for simplicity that all sc~lars are degenerate with mass m, we 

have in the large tan,B limit 

ms = as (pM_g) (A~3vd) (Ag2vd). 
mt 187r m2 m2 m2 

(B.3) 

F (B ) h h h (A~3,32vd) < m• rom equation .1 , owever, we must ave t at m 2 ,...., --;;::-, so 

(BA) 

which, even for m=100GeV, gives too small a value forms by a factor of"' 100. 

(2) md from A terms and m 5 from scalar masses: The same argument as in case 

(1) suggests that the generated mass for md will be too small by a factor of"' 10~ 

Perhaps this factor can be overcome for some choice of parameters. However, the 

scalars are so light that the required mixing in the scalar mass matrix to generate 

m 5 , together with the A terms responsible for md, gives unacceptable contributions 
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to /{ - R mixing, and, if there are CP-violating phases, even more unacceptable 

contributions to t. 

(3) mu. from scalar masses and me from A terms: The general problem with 

the up sector is that me seems to be too heavy to be radiative. In the case we are 

considering, we find analogously to equation (B.4) 

(B.5) 

and so to generate large enough me we must again have fairly light squarks. 

( 4) mu. from A terms and me from scalar masses: In this case again it is difficult 

to get a large enough mass for the charm. In analogy to equation (4.3.10) we have, 

(in the limit where we decouple the first two generations, minimizing the super-GIM 

cancellation and so maximizing the generated charm mass) 

(B.6) 

The maximium value of WuL 31 WuR31 WuL;3WuR;3 consistent with the unitarity of 

the W matrices is ~. Then, we have 

(B.7) 

Recalling that 1(1) = t, we see that, even with maximal mixing angles, the radiative 

charm mass is too small or perhaps right on the edge. However, having such large 

mixing in the left handed up 32 sector also implies large mixing in the left handed 

down 32 sector, which violates the bounds from b-+ Si unless the third generation 

scalars are pushed above 1 TeV. This then makes it difficult to generate a large 
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enough up mass, since the A term contribution is suppressed by (z;:-)2 from (B.l). 

We find 

mu< _5 (M9)( J.LCot{3)(1.7TeV)2 -"'2x10.- 1+--
ffit m A~ m 

(B.8) 

which is also on the edge. Another difficulty with having such large 32 mixing is that 

it disturbs the degeneracy between the scalar masses of the first two generations 

for both left handed up and down squarks, and this could again give problems with 

I< - R mixing and t. 

The above arguments certainly do not rule out the possibility of generating 

both light generations radiatively; there may be regions of parameter space where 

our rough bounds are evaded. Indeed, it may even be the case that requiring 

the desired vacuum to have lower energy than the charge breaking minima is not 

necessary, perhaps the lifetime of the false vacuum can be long enough for the 

universe to have stayed in it up to the present; this remains to be seen. However, 

these arguments, together with the fact that for the A terms not to share the 

same chiral symmetries as the Yukawa matrices we must entangle flavor symmetry 

breaking and supersymmetry breaking, provide us with sufficient motivation to 

restrict our detailed treatment to the scenario considered in this chapter. 
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Appendix C 
.. 

In [13, 14], the SUSY FCNC constraints are expressed in terms of the ratios 

of the off-diagonal scalar masses and the "universal squark or slepton masses". For 

example, the supersymmetric contribution to the B - B mixing is given by: 1 

l::!.M~USY = 21~~~ ~f~mB{(bt3)i,d-66]s(x)- 24xfs(x)] 
q 

(C.1) 

where, 

/6(x) 
1 

( )S ( -6ln x - 18x ln x - x3 + 9x2 + 9x - 17), 
61-x •• 

1 We use the notation and the formula in [13], corrected by (14] 
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are the Feynman loop intrgrals defined in (13], and 

M 2 c- 2 
- d umd b 

x = M~, (8ij)LL = M~ L, and so on. 
q q 

Demanding that each term is no bigger than the experimental value of l:iMB gives 

• 
the constraints on 8t. However, with large splitting in scalar masses of the first two 

and the third generations, it is better to have constraints directly on the mixing 

matrix elements because of the ambiguity of what Mq should be. In this appendix, 

we will convert the constraints on 8ij into constraints on the mixing matrix elements 

Wij directly. 

We assume degeneracy between the left-handed and the right-handed scalar 

masses, and also the first two generation scalar masses (denoted by m 1 ). To reduce 

the number of parameters, we also assume that the relevant gaugino mass is de-

generate with the third generation scalar mass (denoted by m3 ). We also take the 

chirality-changing scalar masses much. smaller than the .chirality-conserving ones, 

so that the eigenstates and eigenvalues are not disturbed significantly. Now we can 

express the SUSY FCNC contributions by the mixing matrix elements and the two 

m2 
parameters m3 andy= :.:.=t. For example, the first term in (C.l) becomes 

m3 

(C.3) 

Demanding it to be smaller the /:iM~XP gives the constraint on WnL 31 , 

(C.4) 
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Similarly, we can obtain constraints on other mixing matrix elements from the other 

terms. The constraints from B- B mixing are shown in Table C.1(a). 

For I<- f< mixing, ~mLL(RRht can have two contributions. One comes from 

the splitting between the first two generation scalar masses, WvL(R)
21

(mi- mD. 

We can use the constraints in [13, 14] in this case because the first two generation 

scalar masses have to be degenerate to a high degree and there is no ambiguity in 

what Mq is. The other comes from the large splitting of the third generation scalar 

mass, W.i) WvL(R) (mi- mD. This part can be treated in the same way as in 
L(R)32 31 

the B- B mixing described above. The terms proportional to the left-right mass 

insertions are a little more complicated because they involve new integrals. These 

terms are proportional to [mb (A+ f.l tan ,8)] 2
• For our purpose, we always work 

3 

in the large tan ,8 scenario. Hence the corresponding constraints scale as J.L ~,6, 

versus m3 in the case of chirality-conserving terms. The results are listed in Table 

C.1(b) for ~mK and Table C.1(c) for E. The c' parameter could put constraints on 

constraints from other places, the. second one is enhanced by tan f3 and is listed in 

Table C.1(d). The numbers are obtained by requiring its contribution to c' smaller 

than 3 X 10-3 E. 

The mixing matrix elements WvL(R)
32 

are constrained by the b -+ S! decay. 

The b-+ S/ branching ratio has been measured to be (2.32 ± 0.57 ± 0.35) X w-4 by 

CLEO [68], which is consistent with the Standard Model prediction (2.8 ± 0.8) x 

10-4 [69]. In supersymmetric models there are many other contributions. The gluino 
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diagram contributions depend on the mixing matrix elements WDL(R)
32 

so they can 

be used to constrain WDL(R) • Unlike other contributions, the gluino diagrams give 
32 . 

/ 

can interfere constructively or destructively with other contributions and the latter 
• 

does not. In Table C.l(e) we list the constraints on WDL 32 and WDR 32 by requiri'D.g 

that each gluino diagram alone does not exceed the Standard Model contribution. 

The up mixing matrices Wu 's are constrained by D -lJ mixing, and the results 

are shown in Table C.l(f). 

In the lepton sector, the most stringent constraints come from fl ----? e1 decay. 

In the large tan (3 scenario in which we are interested, the amplitude of the dominant 

contribution is given in Ref. [62]. Requiring that the rate does not exceed the ex-

perimentallimit, B(fl ----? e,) < 4.9 X w-n (54] give constraints on WEL(R)32 WER(L)3!' 

which are shown in Table C.l(g). Because we are interested in generating me by 

radiative corrections which requires sizable mixing between the first and the third 

generations, WEL(R)
31

, the T ----? fll decay does not give stronger constraints on 

WEL(R)
32 

than those from the fl ----? e1 decay. 
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Table C.l 

(a) ~ms 

Jy JIRe(Wv£. 31 )21 JIReWv£.;1 WvR3d ··' 

2 1.0 X 10-l 3.1 X 10-2 

3 6.5 X 10-2 2.4 X 10-2 

5 4.9 X 10-2 2.0 X 10-2 

Jy JIRe(W DL ;2 W DL 31)21 JIReW DL ;2 W D L 31 W DR32 W DR;11 JIRe(W DL 32 W DR31 )21# 

2 4.7 X 10-2 5.6 X 10-3 7.4 X 10-2 

3 3.0 X 10-2 4.2 X 10-3 4.7 X 10-2 

5 2.2 X 10-2 3.6 X 10-3 3.7 X 10-2 

(c) E 

Jy JIIm(W DL ; 2 Wv £. 31 )21 JIImW D L ; 2 W D£. 31 W DR 32 W DR;11 JIIm(Wv£. 32 WDR 31 )21# 

2 3.7 X 10-3 4.6 X 10-4 6.0 X 10-3 

3 2.4 X 10-3 3.4 X 10-4 3.8 X 10-3 

5 1.8 X 10-3 2.9 X 10-4 3.0 X 10-3 

(d) €
1 

JY IImWvL32WDR3d# 

2 1.4 X 10-3 

3 7.7 X 10-4 

5 5.4 X 10-4 
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• 

(e) b-+ S/ 

V'Y IWvL321# 

2 6.9 X 10-2 

3 5.3 x w-2 

5 4.7 X 10-2 

(f) .dmn 

v'Y JiRe(Wu L ;2 Wu L 31 )21 JIReWuL;2wuL31 WuR32WuR;rl JjRe(WuL32WuR31)2i@ 

2 9.5 X 10-2 3.0 X 10-2 3.9 X 10-1 

3 6.3 X 10-2 2.3 X 10-2 2.5 X 10-1 

5 4.7 X 10-2 1.9 X 10-2 2.0 X 10-1 

(g) JL-+ e1 

V'Y IWEL;2wEL3rl# IWEL32WER3rl# 

2 2.4 X 10-3 2.2 X 10-4 

3 1.8 X 10-~ 1.3 X 10-4 

5 1.6 X 10-3 1.0 X 10-4 

Table C.1: Constraints on the fermion-sfermion flavor mixing matrix elements. 

The reference values are taken as: m3 = M9 = 500 GeV, J.l = 500 GeV, tan f3 = 60, 

and Jy = ~· Same constraints also apply for L +-+ R. The ones with# scale as 

(~)3( 500GeV)(_§Q_) the one with@ scales as (~)3( 500GeV) others scale as 
500GeV J.L tan,B ' 500GeV A ' 

m3 
500Gev· 
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