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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? 6y
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
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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 rélations 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%, weak scale radiative correc-
tions to the up-type quark masses, and lepton flavor violating signals such
as pu — ey. 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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Chapter 1

Preamble




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 éoftly
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 p'ut 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

[SV]




the quarks and leptons. If these parameters are arbitrary, in general, they will cause
flavor-changing processes IWhich 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(1) is beautifully unified into a simple group SU(5) or SO(10). 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(10). 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 supersymmetric 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 supersymmetric unification, which will
serve as evidence for or against grand unification.

Fermion masses and mixings 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 fermions. On the other hand,




scalar particles can have symmetry-preserving masses and therefore provide a more
reliable test of supersymmetric unification. In chabter 2, we study the scalar quark
and lepton spectrum in supersymimetric 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 eﬁ'ects‘
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 flavor 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°u* and suggests that there may be
important weak scale radiative corrections to the up-type quark mass matrices. The
lepton flavor violating signal u — ey is studied in the large tan 8 (defined in later

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




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 ooz 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.




Chapter 2

Scalar mass relations in grand

unified theories




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, m2, the three gaugino masses, M,, and the
ratio of electroweak breaking VEV’s, tan § = v, /v;. Dué to effects of large Yukawa

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




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 éiven generation there are five
independent gauge invariant squark and slepton masses: mg, mye, mpe,my, and
mEge, whefe @ 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 mg : my : mp : my, : mg, 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




theory, an SU(N) invariance of the Kahler potential guarantees the universality
of the scalar masses at the Planck scale [17]. However, this symrﬁetry is clearly
broken elsewhere in the theory, é,nd 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(/NV) invariance.

In this chapter we study squark and sleptén 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 effects?

1The flavor-changing effects are studied in later chapters.




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 £he 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 SO(10). While this slepton mass relation
is generically expected as a consequence of the SO(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?
interactions found in SO(10) could lead to an éasing of the fine tunning problem

which has been found when the MSSM has large tan 8 and the universal scalar mass

10




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 m? 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
Lomdu) = gl -8CHR) (WM + i (1S (k)
dlnp 1672 5
+ JZk Dzl (m? + m? + mi + AL, (2.2.1)
dlclllps(ﬂ) = 5—;01(#)5(#), (2.2.2)
S(p) = ;Yim?(ﬂ)v (2.2.3)

where a = 1,2, 3 represents U(1)y, SU(2). and SU(3)., i represents the species of
the scalar and Y; is the corresponding hypercharge, A;;1’s are the soft SUSY breaking

trilinear scalar couplings, and A;;;’s are the superpotential couplings. Ca(R!) is the

N2-1

second Casimir invariant of the gauge group a for the species i, C; = S5 for
the fundamental representation of SU(N), 2Y? for U(l)y. The S term is zero

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

2The SU(5) GUT normalization, ¢7 = g—g' 2 is used for the U (1) coupling.

11




For the lightest two generations, whose superpotential coupling contributions are
negligible, the mass splittings involve only contributions from the gauginos, which
have masses My, at the Planck scale. Mass splittings also arise from the D? terms
of the potential due to SU(2); x U(l)y interactions. These are proportional to

M% cos 2. The result is
m2(u) =md+ > faiMa, + (Ts, — Qisin® Oy ) M7 cos 23, (2.2.4)

where 7 runs over the seven types of squark and slepton: U, D,U¢, D, E, N and E°,
and it is understood that the two light generations have identical scalar spectra.

The renormalization constants f,; are

fai(p) = %Cz(Ri) (525‘2) - 1) : (2.2.5)

where b, is the one-loop beta function coefficient, and u should be taken equal to
the scalar mass, m;.

Suppose that £ is known, for example from a Higgs mass measurement, then the
seven values of m? depend only on four unknown parameters, mgo and My, yielding
three intragenerational mass relations for the MSSM [19]. Two further relations
follow if My, 1s '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
stmpler forms,

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

m¥; —mh = my — m% = M2 cos 283 cos® by (2.2.6)

12




These splittings arise because of the differing 753 quantum numbers of the upper and
lower components of the doublets @ = (U, D) and L = (N, E). It is convenient to
define m} and m? as the average squared mass of the doublet representation, thus
m} = (m{ + mp) and m} = 1(m} + m}). In the rest of this chapter it is the
masses m2,] = 1...5 of the five types of multiplet Q,U°, D°L, and E° which will

interest us. In the MSSM, these are:
mi=ml+> fuME — Yisin® Ow M} cos 28, (2.2.7)

where Y is the hypercharge of multiplet I (Q=T:+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
1n supergravity, and has been questioned, particuiarly 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 b, of equation (2.2.5) will change. Furthermore,
if these extra chiral fields allow further superpotential interactions of strength A
involving quark and lepton fields, then additional terms proportional to A? will
contribute to m?(u).

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 suc-
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cessful supersymmetric GUT prediction for sin® 8y [18], the weak mixing angle. The
precision measurement results for sin® @y from LEP, SLD and CDF+D0 are in good
agreement, and the combined global fit gives sin® O (Mz) = 0.2314+0.0002--0.0002,
with m; = 171 £ 12GeV [22]. The experimental numbers should be compared with
the supersymmetric GUT central prediction éf sin’ 0w(5 GUT) = 0.2342 £ 0.0014,
where the only uncertainty shown is that due to a;(Mz) = 0.120 F 0.005. In ad-
dition, simple models ;:ould have uncertainties of 0.0030 from threshold corrections
at the GUT and weak scales. The weak mixing angle theréfore 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 Mg the gauge group is SU(5) x G, where SU(5) contains the
entire standard model gauge group. |

2. At mass scales below Mg the gauge group is SU(3), x SU(2), xU(1)y xG".

3. At mass scales below Mg 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 sin® y. Acceptable values can be obtained in very many ways, for example in

3In fact the prediction of sin® 6y is not altered if extra complete, degenerate SU(5) multiplets
occur beneath M. We assume these to be absent; it could be worth studying the extent to which

such representations affect the scalar mass relations.

14




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
sin? Gy .2

What scalar mass relations follow from these assumptions? The first assump-
tion imposes the boundary condition (which is taken to be at Mg now) on scalar

masses within the same generation®:
mQ, = mEg = mU(f = Mo, (228)

mr, = mps = mg, (2.2.9)

because @), £° and U* all lie in a 10 dimensional representation, and L and D¢ 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,R1) + (5,R). If R, and R, are non-trivial and if
G breaks to G’ which is non-trivial, then the G’ gaﬁginos can renormalize the
squark and slepton masses. However, since all members of thé 10 have the same

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

*In 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.

®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;o. An identical situation applies to the 5. Hence
the common mass m} in the formula (2.2.7) should be replaced by mg — m3 which
take on the two possible values shown in (2.2.8) and (2.2.9) according to whether 1
lies in a 10 or 5 representation. In addition, the S term, which vanishes under the

universal boundary condition assumption, is now given by
S(Mg) = Z Yimi(Mg) = mi-z(Mg) - m?{l(MG). (2.2.10)

Since H; and H; lie in different representations of SU(5), m}, (Mg) and m} (Mg)
are not necessarily equal. From (2.2) it follows that S scales as a4,

S(p)  ax(p)
) = oty (2.2.11)

The contributions of the § term can be written as
Ssm?(p) = Y; T, (2.2.12)
where
T =~3(S(Ms) - S(n) = -3 S(Mc)(1 — 2

_ _%S(#)(ﬂ&d —1). (2.2.13)

o ()
Among the five masses (2.2.7) of each light generation, there are three combinations

independent of m% :
md —mb. = (C—EC M2—-5-'20 M% cos 23 > 2.2.14
o ve = (C2— 3¢ 1) M g sin” Ow Mz cos +6 E (2.2.14a)

35
mé—m%c (C3+02—%

C1)M¢E + %sin2 Ow M3 cos 23 — —Z-T,(2.2.14b)

mphe —mi; = (C3—Cp— %C’l)Mg - gsin2 8w M2 cos 28 + g—T,(2.2.14c)
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where we have written f3; = C3 for a color triplet, f; = C, for a weak doublet
and fi; = Y2Cy, Mo is the gaugino mass at the GUT scale, and the a,(M,) in f,;
should be replaced by a,(Mg). By rearranging the above equations, we arrive at

the following two mass relations independent of T

25 '
2my —mpe —mEe = (C3+2C; — ECl)Mg, (2.2.15a)

10
mg + mpe —mg. —m} = (203 — —g—Cl)Mg, (2.2.15Db)
and also an expression for T':

T= %(mé —2mb. + mbe + mEe —mi + —%Q sin® 0w M2 cos 28).  (2.2.16)

Since S(Mg) is only proportional to the difference m%, (Mg)—m}, (Mg) and by = 3?3,

we have |T| < &|m%, (Mg) — m¥, (Mg)|. If the splitting between m}, (Mg) and
m¥ (Mg) 1s 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
(sz — 2m2U‘ + m%e + m%c — mi + !:-39 sin? GWM% Cos Qﬂ)srd generation

o1{Mg)—cr1(s)

+(m, —mi) = S) - BT = ~(Gpigsae) T - 57T

— _ (200 (Mg)+130n(u)
=—( 3a§(M§)-3ali,f)‘ )T. (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-
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tergenerational) mass relation:
(md — 2mfe + mp. + mpe —m} + 2 sin® O M% c08 283) 15t or 2nd gen.

- 2
= —{(mé —2m}. + mbe + mie — mi + _1§o_ sin® Ow M% cos 2/3) 314 gen.

i1 {Mg)—10a
+(m, —m},)} x jemlielitaly, (22.18)

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

with 7' = 0 together with
mi —m%. = (Cy — ZCl)Mg + gsin2 Bw M2 cos 283, (2.2.19)
and also predicts identical spectra for each of the light generations.

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 SO(10)?

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

charged slepton masses of a given generation:

3 1
m% —m%e = (Cq — ch)Mg + (—§ + 2sin” )M % cos 2. (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 M, 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) uniﬁc@tion. This is clearly because £ and E° are in different
representations of SU(5).

If the gauge group is extended to include SO(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 partic-
ular mass relation as a low energy signature of SO(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 sin? @y prediction. In addition we add the 4th
assumption:

4. At energy scales greater than Mjo, which is greater than or equal to Mg,

the gauge group contains a factor which includes the usual SO(10) gauge group.

This assumption provides the extra boundary condition which sets my{u) and
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mEe<(p) equal at u > Mjo. The crucial question now is: are there any additional ef-
fects which could split these masses other than those of the SU(2)r, x U(1)y gaugino
contributions and the SU(2);, xU(1)y D? 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 Mo and Mg,

(b) Radiative contributions from the superpotential couplings between M, and
Mg,

(c) Tree level D term contributions,

(d) Radiatively generated D term contributions.

Suppose that Mo is higher than Mg, and that beneath M;o SO(10) breaks
down to SU(5) (or SU(5) xU(1)x). The two charged sieptons 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

s (R) = ZCu(R)(1 - S ME(Mo), (23.2)

where C2(5) = 22 and C,(10) = 22. Therefore we have Sa—mmzé(lg%l = 2. IfU(1)x survives
beneath Mo, the U(1)x gaugino mass also contributes to the radiative corrections

and reduces this ratio (X3 = —1, Xz = 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

m
—ES
msg

1< (2.3.3)

?

MW

and the violation should be small if gaugino mass is found to be small unless the
gauge coupling increases very rapidly above Mg.

In addition to the radiative correctiéns from the gauge couplings, if the sleptons
have some superpotential coupling of strength A with fields which acquire masses
O(Mg), then there are radiative corrections to the slepton masses between Mg
and Mg at order A\%. In order to generate significant violations of the slepton mass
relation, A has to be large, probably X 3, 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 hofizontal symmetry above Mg
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 SO(}O) (50(10) D SU(5) x U(1)x) is broken by the VEV’s of
N and N fields which lie in 16 and 16 representations of SO(10). The U(1)x gauge

interaction contains a piece
1 —
§9§(XN IN|* - XNV + 2 X :1%)?, (2.3.4)

where X is the X charge of the ¢; 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 bl;eaking 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
— 1 —
VIN,F) = zo5(XnINF = Xy[N])?
+m% NP+ mZ|N°| + X2|NN — 22, (2.3.5)

where m3; and m%: are the soft SUSY breaking masses of the N and N fields, and

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

VEV’s (~ p) to N and N fields.® Defining & = |N]> + [—Nzl, A = |NJ? - []_\/_2], ‘

m} = 3(my +m%) and mi = J(mk — m%), we can rewrite V' as

V= LA (AR +mis e miA + VWVE TR AR (236)

Minimizing the potential with respect to A we obtain

m2 7’)’l3
A=——2_ 1 0(=5), 2.3.7
X9k ( T ) (23.7)

This shifts the mass of the scalar particle with charge X; by the amount

ém? = gx X; XnA =~ -—‘X%mz. (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% and mZ. Since N and N lie in different representations of
S0(10), SO(10) allows m}% to be very different from m]%, and also X0 and X are
different (X310 = —1, X5 = 3), this provides a large breaking of the slepton relation

(2.2.19), (2.3.1).

®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 mj and mZ: (of
the same order of the slepton masses). If some symmetry of the Kahler potential
guarantees that m%; and mfv are equal at the tree level, a large difference between
them can still be generated by radiative éorrections, especially if U(1)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(1)x

If the scalar masses are universal at the Planck scale because of some symmetry
of the Kahler potential, the difference between m%; and m—zj\7 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} and m%, i.e., N and N fields get VEV’s when m% =
3(m% + m%) is renormalized to negative. In this case, m4 = J(m} — m%) ~ m}
which is presumably compa,ra.blé 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 simple model which will demonstrate this case.

We assume, for simplicity, M1 = Mg, and beneath Mg, 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 Si, £ = 1,2,3. The N
and N belong to the 16 and 16 representations of 5 0O(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 H; and H, are assumed to belong to the 10
representations of SO(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-

c

field: qrL uRc dRC lL €R IIRC H1 Hz N N S

X f#-1{-1{3 {3]|-1|-5{-2]21]-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

sin? Oy in the SGUTs is retained.

We consider a superpotential given by
W = QAyU°Hy + QApD°Hy + LAgE°H, + LA v H,

3
+pH Hy + Y \evriSilV. " (2.4.1)

k=1
Other possible interactions, such as NSy N, mS? and S, could vanish either because
S;’s are embedded in some non-trivial representations of SO(10), or because of some
discrete symmetry. (For example, a parity whose lepton fields change sign and Si
and N are multiplied by i.) The scalar potential involving N and N fields is given
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(#

1 — 3 R
V = §9§r(XN INP + XN+ 3 X (6:7)° + 3 ]/\kVR kNl
i k=1
3 —_—12 2 2 9 32 3 . —_—
+ 3 eSeN| + md NP+ mE N7+ S AheirtiSiN
k=1 k=1
1
= S0x(XnA+3 0 Xi|¢:f") +mES +miA
3 —_2 <o —2 3 —
+ 3 PeireN| + 30 eS| + 3 AchidrSSeN, (2.4.2)
k=1 k=1 k=1

where 3, A, m%, and m% are defined as before. When m2 is driven negative
by the Yukawa interactions A\;v§, SiN at some intermediate mass scale My, (\t’s
are assumed to be O(1),) N and N fields will get nonzero VEV’s and break the
U(1)x . The difference of the squares of their VEV’s A is given by A = ”Fr,n\,%’; by

minimizing V with respect to A, and the sum X is fixed by the one-loop correction

1 o M2 3
AV = 6471‘2 St’l‘M [ln 711? —_ 5] (2.4.3)

to the scalar potential [31], ¥ ~ M} where My is the scale at which m%(M;) =
my(Mr) + m%(M;) = 0 [28]. Fig. 2.1 shows the evolutions of the soft breaking
masses of N, N, Si, and 7z fields. For simplicity, we have assumed that the
soft SUSY breaking parameters are universal at Mg and the parameters are chosen
to be Ao = Ao = 1.5, dpor0 K 1, Ao = 1, & = 1,2,3, and the universal soft
breaking trilinear couplings Ao = 3mo. The m?__ is also driven negative at low

—2
energies because of the large },, coupling. However, the terms Y 3_, l/\kﬂRckN ]

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, Si, and 7z fields
from GUT scale (2.7 x 10*® GeV) to U(1)x breaking scale (30 TeV).

An universal soft breaking mass mg is assumed at GUT scale and the parameters
are chosen to be Ay = A, 0 = 1.5, Apor0 € 1, A0 = 1,6 =1,2,3 , and the universal

soft breaking trilinear couplings Ao = 3mo.
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in the scalar potential V (equation(2.4.2)) prevent both N and ©g° from getting
non-zero VEV’s. After U(1)x is broken, the mass square of Vg5 gets a large positive

contribution from the N VEV and (#g§) remains zero.

The present bounds on the mass of the U(1)x gauge boson Z, are Mz > 320
GeV (direct) and > 670 GeV (indirect) [32]. The primordial nucleosynthesis may
put a more stringent limit on Mz, , taking N, < 3.5, Mz, 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 M;. The flaton (a linear combination
of N and N which corresponds to the quasi-flat direction) decays into light parti-
cles through the heavy intermediate states of O(Mj) after the phase transition of
U(1)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 M [34]. With these considerations, we will take My to be in the range
of 103GeV to 107GeV.

| Compared with MSSM, the scalar masses contain two extra contribqtions: the
U(1)x gaugino contribution and the U(1)x D term. For the first two generations

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

3
mZ = mi+ > fuiMg+ fxiM§

(2
a=1

+(T3i - @ sin® ew)M% cos2f — ;,(——zmi, (2_4,4)
N

where mg and M, are the scalar mass and gaugino mass at Mg respectively, f,;, ¢ =

o
-1




1,2,3 are the same as before and fx; is given by

2 :)_(Z ng((MI)

= b 10 k(M) 242)

i
* In this simple model, m% can also be expressed in terms of mg and MO,

my = mpy = mg + fxn My, (2.4.6)
then we have

X; 3 Xi
mi o= (1= o)ml+ 3 foiME + (fxi = = frow) M

a=1

+(T3,‘ — Q,’ sin2 ew)M% COS Qﬂ. (2.4.7)

The corrections — ;((N ma+{(fxi— R)—{—; fxn)MZ to the masses of squarks and sleptons
compared to the MSSM can be as large as 60% for X; = 3 in the limit mq > M,.
F ig.v 2.2 shows the comparison of the scalar spectra with and without the U(1)x D
term corrections for a set of mg and M,. We see that the corrections are more
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

' 3 4
m% - szc = (Cz — ch)Mg + 8CXM02 + 377&2

+(—% + 2sin® 6y ) M2 cos 28, (2.4.8)

where fx; = X?Cx. In a more general SO(10) theory there is no simple relation
between m% and m? 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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D term corrections for a set of mg, My and tan f.




(1) S term contributions: When U(1)x is broken at intermediate energy Mj,
S(My) is also shifted by dm};, —ém¥ = 2mi. 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)
mDI/LVfg + MDSV;}, ‘ (2.4.9)

where mp = A, (HY) ~ O(my.;), and Mp = A(N) ~ O(M;p). One linear combi-
nation of v and S, vy sinf + Scosf, where tanf = %}%, is married with vz and
gets a large mass \/r_n_g+—ﬁ/[f) ~ O(Mjy), which is consistent with experimental con-
straints [36], and the other combination vy, cos @ — Ssin§ 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 MLG.SQNN which gives a small majorana mass

term msS* = 3= (N) (N)S? to S, then the mass matrix of the fields vz, vk, and S
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becomes

M=1mp 0 Mp |- (2.4.10)
0 Mp mg
. The product of the three mass eigenvalues is given by det M = —m%ms, and the

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

1s approximate

mims mHM: m%

Miight = MG ~ M3 Mg ~ Mo (2.4.11)

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

(3) b-7 Yukawa unification: Because the U(1)x is broken at low energy, there are
extra interactions surviving at low energies compared with the MSSM. Especially
the r-neutrino Yukawa coupling A,, which should be abput the same as A; at the
GUT scale enters the RGE’s of many parameters. The RGE for the b-7 mass ratio
R is modified to be

dR R 16 4
= (- g+ 3= X, 43X - 3N, 2412)

In the small tan 8 case where A, and A, can be neglected, the unification of b and
7 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
A¢ is largely cancelled out by A, _, making it difficult to achieve the b-7 unification
for the top Yukawa coupling staying in the perturbative regime at the GUT scale.
However, since the b- and 7- Yukawa couplings are small, they do not necessarily
come from a single renormalizable interaction of the form 163 10163 in SO(10) and
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therefore their unification is not mandatory. In the large tan § case where A, and A,
are comparable to \; (which we will discuss in the next section), the terms 3A7 —3X2
in the RGE for R also contribute and make up the negative contribution from A,,
(A > Ar below the GUT scale). In addition, the couplings between b and H,
through the bottom squark-gluino loops and top squark-chargino loops [37, 38, 39]
could also give a significant contribution to R if tan S is large. Therefore, the 6-(7

unification is possible in this case.

2.5 Finé-tuning problem in the Yukawa unification

scenario

Recently, the large tan 8 scenario in which the tau lepton and therbottom
and top quark Yukawa couplings unify at the grand unification scale has drawn
considerable interest [38, 40, 41, 42]. This happens in an SO(10) GUT if the two
light Higgs doublets lie predominantly in a singie 10 representation of the gauge
group SO(10) and the ¢, b, and T masses originate in the renormalizable Yukawa
interactions of the form 16310 163. In this case, ‘the top q;xark mass can also be
predicted and it was predicted to be heavy [38]. In fact, such a heavy tbp quark has
be found by the CDF and DO collaborations at the Fermilab[43, 44], m, = 180 4+ 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 Mo




£ 3

L

because they lie in the same representation and run almost in parallel because of
the boundary condition A;(Mio) = Ay(Mio). Usually one relies on heavy gauginos to
a,mplify the small hypercharge-induced difference in the running of m}, and m,.
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
2 1 , 2
WIHY + i3I HSP + Bu(HYHS + b)) + 2(6 + g™)(1H - |HSPY. (25.0)

Minimizing the Higgs potential we obtain the following conditions,

3 —tan® Buf M3

tan?f—1 =~ 27 (252)
—uB 1.
m = 5 sin 2ﬁ » (253)

In the case of A((Mio) = Ae(Mo) , tan § = 7t ~ O(50) > 1. We see that Y2~ —Mz—é

for g} not too large, then
m% = pf + pd = (] — p3) — Mz < g} -y} = em5, (2.5.4)

where m, is the CP-odd scalar mass , m% is the typical supersymmetric particle
mass scale, mg ~ max(mg, Mp), and €. represents the custodial symmetry breaking
effects. Equation (2.5.4) tells us that both m% and MZ are smaller than e.m%,
so there is an O(e.) fine-tuning of the Z mass. In addition, writing m?% = em%,

€ < €. € 1, we have

—uB 1 1
£ — Zsin 2>~ —— = —uB ~ < mz. (2.5.5)
_ an an
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While u is typically of the order ms in order to satisfy p2 = my, + pt o~ —JZ

?

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(Z5ms). The fine-tuning is at least one part

in 10® and is much worse than the naive expectation Ta;—ﬁ

The U(1)x D term which gives the opposite contributions to m%, and mj,
provides the desired ingredient to solve this problem [30, 39, 47]. One can either
simply have m% # m; at tree level [39] or have the difference m} generated by
radiative corrections as described in the last section. However, the simple model
discussed in the previous section gives a positive contribution to m%,z and a negative
contribution to m};, which is incompatible with the fact that u2 > u2. We thus
modify the model so that it has interactions A¢'vg, Si'N, k = 1,2,3, instead of
Mg, SeN. The Si”’s are still standard model gauge group singlets, but carry
U(1)x charge +10 (they may belong to the 126 of SO(10)). We also have to add
Se(X = —10) to the model in order to cancel the anomaly and we assume that
they only have the U{(1)x gauge interaction. Then, the m%, instead of m, is
driven negative by the Yukawa interactions. The m} = 3(m% — mZ) becomes
negative in this case and therefore it gives the correct-sign D term contributions to

my;, and m},. Let §m} be the difference between m}, and m%;, generated by the

renormalization group from Mgyt to mg without the D term correction.

bmy = my, —ml, = em < mE. (2.5.6)
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The parameter m% = p? + u2 is now given by

my =] +p5 = (4 — p3) + 203 = D + émpyy — M7, (2.5.7)

where D = (=2m3) — (+2m}) = —#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 B is also relieved though not totally eliminated as we can

see from equation(2.5.5) that a fine tune of ;;—fl—ﬁ ~ O(&) is still required. However,

it should be generic since a large pure number tan 8 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 sqﬁarks 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 @
and L and the weak singlets U¢, D¢ and E°, 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 (@, U¢, E°) and (L, D),
leading to the expectation of three mass relations, which are given in equation
(2.2.14). However, these three relations involve a quantity 7, 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 7 = 0 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 T is 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 SO(10) theories, a fourth
mass relation is to be expected. This is written, ignoring T', in equation (2.3.1), as
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 SO(10) unification. However, unlike the two
mass relations mentioned above, it is not a necessary consequence of SO(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? 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 g — ey and the electron electric dipole moment d., 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 ;cale, Apg, of supersymmetry breaking.! 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, Ay, falls beneath the unified scale, Mg. 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 Mg.

The flavor and CP violating signals have been computed in the minimal SU(5)
and SO(10) models for leptonic [6, 7, 8] and hadronic processes [9], for moderate
values of tanf, the ratio of the two Higgs vacuum expectation values. While rare
muon decays provide an important probe of SU(5), it is the SO(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
S0O(10) theory to be probed throughout the interesting range of superpartner masses
by searches for u — ey and d..

The flavor-changing and CP-violating probes of SO(10) 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(10) 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 Hy and Hp lie in two 10 dimensional representations 10y and 10p.
The quark and charged lepton masses are assumed to arise from the interactions
16)y16 10y +16Ap16 10p. This model is a useful fiction: it is very simple to work
with, but leads to the mass relation m./m, = mg/ms, which is in error by an order
of magnitude. It is clearly necessary to introduce a mechanism to insert SO(10)
breaking into the Yukawa interactions. The simplest way to achieve this is to assume
that at the unification spale, Mg, some of the Yukawa interactions arise from higher
dimensional operators involving fields A which break the SO(10) symmetry group.
This implies that Ay p — Ay p(A). Every realistic model of SO(10) which has been
constructed has this form; hence one should view this generalization of the minimal

model as a necessity.
(I1) The ratio of electroweak VEV’s, tan f = vy/vp, is allowed to be large,

R g/ my.
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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 4 suggests that it is already excluded
by the present limit on g — ey. The case of large tan # in SO(10) has received
much attention [5, 38, 39, 40, 41] partly because it has important ramifications for
the origin of m;/my = (A¢/As)tanB. 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 large value for tan 87 If the third generation masses arise from a single
interaction of the form 16316310 it is possible to predict m; using my and m, as
input [40], providing the theory is perturbative up to Mg. The prediction is 17510
GeV [38], and requires tan 8 & m;/my.. In this chapter we investigate whether this
intriguing possibility is excluded by the g — ey signal; or, more correctly, we
determine whether it requires a soft origin for supersymmmetry breaking, making
it incompatible with the standard supergravity scenario [15, 16, 17].

In the next section we show that SO(10) models with A — A(A) possess new
gaugino mixing matrices in the ﬁp-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 j.
In section 3.4 we describe the new phenomenological signatures which are generated
by the gaugino nﬁxing 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 3 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 SU(5) and
SO(10) models with moderate tan 8. In these models the radiative corrections to
the scalar mass matrices are dominated by the top quark Yukawa coupling A; 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 SO(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

My A A A
MM, "My, My, M,

X;16; 16; (3.2.1)

where the 16;’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 SO(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 =zC 0 0 =2,C C 0 =zC 0
w=|2z.C yE z,Bl,Ap=|2; yiEf z4B|,2g=1}2C yE z.B]|,

0 zB A 0 z;B A 0 =z.B A
(3.2.2)

where the z,y, 2’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 Mg are
now more complicated. From the interactions (3.2.1) the following soft supersym-

metry breaking operators are generated:
Ne(A)mi(A)ei(A) 6165, (323

where ¢;, ¢; are scalar components of the superfields, and A;;(A) are adjoint de-
pendent couplings, A(A) = N %1— eet ]“i/;:?. After the adjoints take their VEV’s, the
m?2,(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

QapUHy, QApDHp, EAgLHp, (3.2.4)

the operators (3.2.1) also lead to

QAQQQHys, Ecz\qucHUs, N'\nd-DcHUga
qugLHDa 5 UckuchHpa ,NX..LHy, (3.2.5)
where Hy,, Hp, are the triplet partners of the two Higgs doublets Hy and Hp.
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

Amp o ApAl + ApAb + 22 AL + Azl
Am? o« 225 + AL Acw + 220020
my; U v+ eu eu T udNyds
mp & DAD + ApgAnd + uAudAuda
Am? o Abag + 35, + Al
L ENE P Aqe Mgl néwnts
Am% o« 2xpAL +3a,20. (3.2.6)

In the minimal SO(10) model, scalar mass renormalizations above Mg arise from a
single matrix Ay. 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, flavor 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 flavor
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 flavor mixing matrices in
the supersymmetric theory below Mg, 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,

my;, (Cu + Ayp cot B)vy
mf = ,
((}} + ,\}}p cot B)vy m%}R
( mp, (cD + Apptan B)vp
2
mD = . P ?
(¢h +abptan fvp mj
( m%, (¢ + Agptan B)vp
2 _
mE = ,
CE + Abptan B)vp m%,
m? = (m? ) (3.3.1)
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where mf, ,m}, ,m}_,m}_,m} ,m%_are3x3 soft SUSY-breaking mass matrices
for the left-handed and right-handed squarks and sleptons, and (y,{p,{r are the
trilinear soft SUSY-breaking terms. To calculate flavor-violating processes, such as
p — €7, one can diagonalize the mass matrix mZ by the 6 x 6 unitary rotation

matrix Vg and m? by the 3 x 3 unitary rotation V,,
m% = VemzVi, m?=VmV}, (3.3.2)

where W%, M2 are diagonal...The amplitude for 4 — ev is given by the diagrams in

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

v
(2) . (b)
Vi
& -~ - -~ 7T
Ve \ s N
f \ / \
{ f { {
i N, e Iz Xec é e
v

Figure 3.1: Feynman diagrams contributing to u — ev.

If the entries in the scalar mass matrices are arbitrary, they generally éive 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 {4 should be approximately
proportional to the corresponding Yukawa coupling matrices A4. 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
W > QTayUHy + QTApDHp + ETAgLHp, (3.3.3)

where Ay, Ap,Ag are the Yukawa coupling matrices which are diagonalized by the

left and right rotations,
awo= Vi VL,
Ap = V3, 3oV,
g = V3 XeVE (3.3.4)
The soft SUSY-breaking interactions contain
Q'm%ZQ + Um}iU° + D'mED° + L'm}L + E<'myEe
+QT¢wU°Hy + §%¢pD°Hp + ET ¢z LHp. (3.3.5)

Because the trilinear terms should be approximately proportional to the Yukawa

couplings, we write

¢ =Co+ AC = Ax+ AL, (3.3.6)

where the universal A term (and also the p 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:?
- m% =UpmjU}, m}=UymiU, m}h = UpmpU},
m? =U,m:Ul, m% = Ugm3UL, - (3.3.7)
Aly = Vi ACuVih, A¢p = Vi ATV, Ace = VgL ATV . (3.3.8)
In the mass eigenstate basis the rotation matrices V,U appear in the gaugino cou-
plings,

4
T ~
Ly =VE'S | - SEWhELN(H 5 + cotbwH, ) + B W, ErNaH, 5

nws
n=1

1
+ 5 cot 9WvL;LNnHm‘;3

I 1 - - 1 1
+ uLWQ}LuLNn'(—éHng + 5 cot bwH,g,) + dLWngLNn(ang — 5 cot bw H, ;)
2. 1~ H 15 T 3
—_ §uLWURuRNn ng + §dLWDRdRNan§ + h.c-]

2
+ gZ[é‘LW,}L vL(xK.z) + vren(x K

e=1
+dp W fip(x K g) + @ W, dp(xIK?;) + h.c]
+V2gs[arL Wi G + diWh dpg + ag Wi Urg + diWh drg + hc],  (3.3.9)
where® the neutralino and chargino mass eigenstates are related to the gauge eigen-

states by e.g. B =Y4_| H Ny, @3 = Y Hog N, @ = T2, K.zXe, and

nws

WEL = UEVELa WER = UIE'VER’ WUL = UngL’ WDL = UCSVDL’

ZHere we ignore the SU(2) x U(1) breaking contribution to the scalar masses. Otherwise there

should be different rotation matrices diagonalizing up and down left-handed squark mass matrices.

3Neutrino masses are not discussed here and we choose the neutrino to be in the sneutrino

mass eigenstate basis.
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| Wy, = UlViug, Wp, = ULVp,.
There are also non-diagonal chirality-changing mass terms
—Ln¢ = eEW; (Ap + ptan B)AgWE €vp + ERUE ACEULELvD
+dfWp_ (Ap + ptan f)ApW}_drvp + dLUE A¢pUpdrup
+ U W5, (Au + pcot ﬁ)AUW(jRaRUU + @ UZ A¢yUuitirvy

+ h.c. A (3.3.10)

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

(&) 1% () % () 17
{ { {
—— ——Ll -
€L Nn ejL N, ;L  Xe
V29 H, Wi, —3V2g'(H 5 + cotOwHag )Wg, . igH g KeaWp,
(d) (e)
- - - - = - —_, - - - % = = - -
€L €iR &L &R
~i{Ag + ptan B) (W5 Xs W} )iop {UEACUL)svD

Figure 3.2: Lepton flavor-violating couplings in general supersymmetric standard

models.

In the rest of this section we discuss the flavor mixing Iflatrices,in the minimal
supersymmetric standard model, minimal and general SU(5) and SO{10) models,

with moderate or large tan #. 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:
Am} « AuAl; + £ApAb,
Am} o 225y,
Am?% « 22hAp,
Am? o ALAE,
AmZ o 2agAl. (3.3.11)

We have assumed a boundary condition on the scalar mass matrices m% o I at
Mpyr, and « # 1 represénts the possibility that the proportionality constants are
not universal. For moderate tan 8, A; > X so that the radiative corrections are
dominated by A;. Thus one can neglect the Ap contribution and the only nontrivial
mixing is Wp,. For large tan 8, A\; and Ay are comparable, so m% will lie between

AvA}; and ApAb. Therefore both Wy, and Wp, are non-trivial.

For the minimal SU(5) model, there are only two Yukawa matrices, Ay =

A]_o, AD = A = As, and

Am) o 3ApA); + 26ApAb,
Am? o« 3abag + 2625
U U U+ 2K DAD>
AmZ o 425
D DAD,
Am? « 4aba
L DD
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Am% o 3yl + 26apAk,. (3.3.12)

For moderate tan 8, A; > )\, we have non-trivial mixings for Wp, and Wg,, as
found in [6, 7]. For large tan B, Ap can not be ignored, giving non-trivial mixings
for Wy, and Wy,

For the minimal SO(10) model considered in [7, 8],

Am} « 5ApAl + 5eapAb,

Am? « 5AL Ay + 5eabAp,
Am? « 5a5au + 55A0Ap,
Am? « 5a5 Ay + 5xAhAp,
Am% o 5AyAl; + 5rApAl. (3.3.13)

We have non-trivial mixings Wp,, Wp,, Wg,, and Wg, for moderate tan § and

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

For the general SU(5) or SO(10) 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 m% and m? are too small (because they
are generated by the small A5(A)) to give significant flavor-changing effects.

One might expect that the mixing in the Wy’s are smaller than those in the
Wp’s because of the larger hierarchy in Ay compared with Ap. However, a given W
is thé product of a U (which diagonalizes the scalar mass matrix) and a V (which

diagonalizes the Yukawa matrix). Even if the mixings in Vi;’s are smaller than those
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in Vp’s because of the larger hierarchies in Ay, 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 mixings in U' and V can add up or cancel each
other. Our only general expectation is that these new Yukawa matrices have similar
hierarchical patterns as Ay or Ap. Without a specific model, one can at most say
that all non-trivial W’s are expected to be comparable to Vi ys; the argument that

the mixings in Wy’s should be smaller than is Wp’s is not valid.

In the minimal models at moderate tan 3, the leading contributions to flavor-
changing processes, such as u — ev, 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 mz very different from mg, m;.

At large tan 3, the
strange/muon Yukawa couplings get enhanced, so the splitting between mz and
ms; 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 Am2, (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):

-2 _
Amgl(2_1) N V::d)\% 10 N for /\2 = )\c,

Am%l(:;-l) - V;dv;s}‘? - (Eﬂ_ﬁ_)z 3 fOI‘ )\2 = )\s.

60

(3.3.14)

We can see that for large tan B (or any tan 8 with small A, coming from the
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SU(5) 50(10)
MSSM | Minimal | general | minimal | general
il v | v v | v |V
dm? ° ° o . o

5

I

|
LIS IS Il
<l | .
U R R N R R

WER - \/

Table 3.1: Summary table for the flavor mixing matrices.
dm? : important effects due to some third generation scalars not degenerate with
those of first two generations.
&§m2 : non-negligible effects due to nondegeneracy of the first two generation scalars.
W, : fgerrnion i and scalar 7 are rotated differently to get to mass basis.
V/ : present for any value of tan 8.
e : present only for large tan 5.
o : present for large tan 8, but model dependent for moderate tan 3.
—: not present.

x : although present, its effect for moderate tan # on flavor violation is small due

to the small non-degeneracy among different generation scalars.
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mixing of Higgs at Mg i.e., \,(Mg) = 222 ),(Mg)), this could be comparable to the
flavor violating effects from the large splitting of the third generation scalar masses.
However, for the 4 — ey in SO(10) models, it does not contribute to diagrams
which are proportional to m.,, (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 K —K mixing,
and all ﬂavor—changing processes in SU(5) models, this non-degeneracy between the
first two generations is important. The above discussion i1s 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 8 studied in {6, 7, 8, 9] in generic GUT’s (for any tan ) and even for minimal
GUT’s (at large tan B), we expect mixing matrices in the up sector. Having mo-
tivated an origin for non—trivial‘ up mixing matrices Wy, ., # 1, we consider some
effects they produce. In the following we simply assume éomé Wu Lr 2t 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 — D mixing, corrections to up-type
quark masses, contributions to the neutron electric dipoie 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 — D mix-
ing, we follow [49, 50] and employ the mass insertion approximation. The bounds

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

2 2
My, ™Mu.g

2 2
MyUg, ™Ugg

(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

2 2

Tl Tame < .04, (3.4.1)
m%]LRIZ
Tz < 0.06. (3.4.2)

Consider first (3.4.1). In the last section we estimated that the contribution to m?,
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

2 2
ta uUA
7’52

2
MgA12

A4 : (34.3)

— 1 1
- ’WUAIS WUA32 S ’ WUA13 WUA32

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 x10~*, and the bound is easily satisfied. Turning
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to (3.4.2), note that if (v = Ay, m2UL n, = 0. However, we expect (v = Ay+Ady,
with Aly induced in running from Mpy, to Mg having primarily a third generation
component in the gauge eigenstate basis. If all relevant mixing matrix elements are

m?
u
—&R12
m

2

=0 (l%%d%s

) . Again,

of order the KM matrix elements, we expect

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

general expect significant contributions to D ~ D 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 8 [37, 38, 39, 51, 52]. In general
unified models, with non-zero Wy, 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 m,. We find, again assumi.ng degeneracy between the scalars of the

first two generations,

Am? = 3 (E) my (T) WULBiWUmj [h(zey, 2eg) — R(2t;, Tug)
- h(wuu ztfi) + h("rUu xua)] b (3‘4'4)
where
™me 1 [zlnz ylny
P = —3-’ ,Y) = — . 4.
’ Mg Wz,y) x~—-y[l—x 1—-y (3-45)

The largest fractional change in the mass occurs for the up quark. If Wy, .., is

comparable to the corresponding KM matrix element, the contribution to %’L is
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Figure 3.3: Corrections to the up-type quark mass matrix, proportional to m;.

not significant. However, if each of the Wy, . ,, are a factor 3 larger than the
corresponding KM elements we can get sizable contributions. In Fig. 3.4, we plot
'% in %: - %‘: space, where we have assumed mg, = m;_ = mg; m—tvL'= m; =my,
and we have put |Wy,,,| = [Wyp,, | = 1/30, (A + pcot f)/my= 3. Any deviations
from these values can simply be multiplied in Am,/m,. 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 m, for any value of tan 8. Evaluating the diagram, we find

d* = e|F|sin ¢, (3.4.6)
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Figure 3.4: Contours for 42« in M oL plane, assuming my, = mg, = mg,
my, = mg = my I/VUL:q = VVUR31 = 515’ A-?—;;:_otﬁ = 3.
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where

8 [as A+ pcotf I .
F= g (E) e M3 WUL31 WULsa WURsz WUms
g

X [é2(xtL7$tR) - éZ(xtLaqu) - éZ(xtR7 qu) -+ é(qu,qu)], (34.7)

Galap) = LI, a) = ot~ 1 - 20hnal, (349

and
It [me W, Wi W Wer, | = 1MW, Wor, W, We, Isindu. (3.4.9)

In general we expect a large non-zero sin ¢,. 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 T (the factor 4 comes from the quark
model result d, = 4/3ds — 1/3d,). Hence, the neutron e.d.m. may be competitive

with g — ey and d, 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 —Z-A}—H(QQ)(QL) and —A}—H(EU WDU)
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

abe (where a, b, ¢ are color

this, we examine each operator separately: (eu,)(dpu.)e
indices) must involve u’s from two different generations because of the ¢*. One
of them has to be a u, so the other is a ¢ or a ¢. 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 ¢ or a ¢. Since my,m. > m,, this can not happen. Next, consider
(QONQL) = udds(uSer, — dSvr)em.. By exactly the same argument as the above,
the u2db u$ ereqs. 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 gluinb 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 sector [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 %&‘j‘—-—;ﬁ‘g ~ 1072, The up mixing

in general models increases this by O(100) making the mode p — K°u™ a favorable

one for discovery of proton decay.
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3.5 Large tan : analytic treatment

The large tan f scenario is interesting for a number of reasons. For moderate
tan 8, the only way to understand m, >> my, m. is to have A; > Ay, A, 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 § ~ O ( ’—"'z‘f) , the weak
scale A;, Ay, A, are comparable and the above hope is restored. (In fact it is realized
in SO(10) models like the ADHRS example outlined in section 3.7). For us, this
is sufficient motivation to study the large tan £ case in more detail. Also, this case
was not studied in [7]. We shall see that unexpected new features arise in the large
tan 8 limit.

The largest contribution to the g — ey amplitude comes from the diagram
with L — R scalar mass insertion (Fig. 3.5). In the L — R insertion approximation,

pttan fm, ¥
Pt P
&y 2 N Ein 7

f
¢

~L N, et

Figure 3.5: The diagram which gives the dominant contribution to g4 — ey in the

large tan # limit. A photon is understood to be attached to the diagram in all

possible ways.




the amplitude for pz(r) decay is

FL(R) = mT WEL(R)SZ WER(L)3I WEL(R)&-; WER(L)gs (AE + /‘L tan ﬂ)

47 cos? Oy

x [Ga(md,,m ) — Ga(m?,,m ) — Ga(mZ,,m, ) + Go(mE ,m )|,

where
Ga(m?2) — Gy (m3)
2 2y _ 1 2
G2(m17m2) = m? — 3 s
4 H - 2
Galm?) = 3. 2B (H 5 + cot bw H, 3 )g (Xn;ﬁ) . (3.5.1)

=
Note, however, that for large tan 8 the L — R insertion approximation may be a
bad one, since the chi;ality-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 Wg,,Wg,, because of the unitarity of the mixiné
matrices: the sum of contributions from the first two generations is proportional
to Wi, W + Wo, W5, = —ming for 7 # j, and the contribution from the third

generation is itself proportional to W3, W5;.

Two simplifications in the dependence of the y — ey rate on parameter space
occur for large tan J. First, since the dominant diagram involves the L — R insertion
(A+ptan B)m,, and since tan f is large, the amplitude does not depend on the weak

scale parameter A. Second, in the large tanf limit, the chargino mass matrix is

M2 \/iMW sinﬂ Mz \/Q'MW .
MX = - ’ (352)
V2My cos B —u 0 -
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and the parameters Ma, p have a direct interpretation as the chargino masses. (Note
that this assures us that g tan 8 will likely always be much bigger than A; for a tan 3
of 50, the LEP lower bound on chargino mass of 45 GeV tells us that ptan 8 > 2
TeV, so for A to be comparable to utan 8 we must have A > 2 TeV.)

In considering u — ey for large tan B, two factors come immediately to mind
which tend to (perhaps dangerously) enhance the rate over the case with moderate
tan 8.

(i) As we have already mentioned, the dominant contribution to x — ey grows
with tan f; the diagram in Fig. 3.5 is proportional to tan 3, a factor of 900 in the
rate for tan 8 = 60 compared to tan 8 = 2.

(ii) For large tan 8, A, can be O(1) and we can not neglect its contribution
to the running of the slepton mass matrix from Mg 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 g — ev.

While both of the above effects certainly exist, there are also two sources of
suppression of éhe amplitude for large tan 3, which can together largely compensate
for the above factors:

(i)' Large tan 8 allows A; to be smaller than fqr moderate tanfB. There are two
reasons for this. First, large tan 3 allows vy to be larger and so A; can be smaller

to reproduce the top mass. Secondly, b— 7 unification [3] is achieved with a smaller
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A in the large tan 3 regime [38, 39]. Since ), is smaller, a smaller non-degeneracy
between the third and first two generations is induced in running from Mpyr to Mg,

suppressing the amplitude compared to the moderate tan 3 case.

(i1) In comparing large and moderate tanf, we must know how the mixing
matrices Wy p,, (appearing at.the vertices of the diagrams responsible for u — ev)
compare in these two cases. In the moderate tan8 minimal models discussed in {7},
Wi g, were equal to the corresponding KM matrix elements Vi arz: at Mg, and this
equality was approximately maintained in running form Mg to Ms. As discussed in
the previous sections, for more general models one expects that the Wy g),, at Mg
are equal to Vi s at Mg up to some combination of Clebsches. One might then
expect (as in the minimal models) that thié relationship continues to approximately
hold at ~lower scales. In fact for large tan 8 this expectation is false. We find that
often, the Wi(pjs: decrease from Mg to Ms, ovgrcompensating for the increased
non-degeneracy between the third and first two generation slepton masses induced
by large A, (point (ii) above).

" In the following, we examine the scaling of theée mixing matrices in detail.
Consider first the lepton sector. The RGE for Ap (in the following ¢ = Ml‘—‘%l) is

dX 9
—5 = AeBAAE + Tr(33bAp + AbAg) — 3¢5 — ¢ ] (3.5.3)

giving

d 18
EAL,\E = 6ALAE + 2ALAETr(3ALAp + ALAE) — (607 + = @Abaz  (3.54)

d 18
—apAl = 6agAL + 22gALTr(3abap + Abag) — (692 + — g2 )ApAl.  (3.5.5)

dt )
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These in turn imply that the basis in which ALAg is diagonal, and the (in general
different) basis where AgAL is diagonal, do not change with scale. Consider now

the evolution of the left handed slepton mass matrix m%. The RGE for m? is

d « .
Zl?m% = (m} + 2m% )ALag + 22LmEag + Abapm] + 2¢f¢p — gaugino terms.

(3.5.6)
In the basis where z\fg,\E is diagonal, keeping only the A, contribution, the 3z entry

(z # 3) becomes:

d
E;miai = A2mis + 2(ChCR)si (3.5.7)

In this basis, we have m% = W}mZWy. (Here and in the remainder of this section,
we abbreviate Wg, ,, — Wi(r)). Assuming degeneracy between scalars of the first
two generations, m} = WngWE%(mZL —-m?) = WisiW /s Am2. Then (3.5.7)

becomes

d
EZ(WLBiWLTszAmE) = Ai(WL3iW£33Am§,) + Q(CZ:CE)&" (3-5-8)

For now, we ignore the (¢L¢g)s: term in (3.5.8), yielding the solution:

(WiaiWigsAm] )(Ms) = e (Wi W}asAm®) (M), (3.5.9)
where
L= [  ad(), to = W{{g#ﬂ (3.5.10)
Thus,
WeaWfs(Ms) = " Sl i (00). (35)
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Similarly, we find

st
Am(s) R W (Ma)- (3.5.12)

WhrsiWhss(Ms) = 25

Note that, generically the quantities i—:%% are smaller than one, sihce the third
generation mass gets split even further from the first two generations in running
from Mg to Ms. Thus, we find that the Wi(r),; get smaller in magnitude as we
scale from MG to Ms, in contrast with the KM matrix elements Vi asz;, which scale
as

Vimsi(Ms) = B0 Viaga(Mg). (3.5.13)
Suppose that at Mg the Wi(g) are related to Vi through some combination of

Clebsches determined by the physics above the GUT scale.
Wg(R)sswL(R):%(MG) = zi(r) Veemsi(Meg). (3.5.14)

This relationship is not maintained at lower scales; instead we have:

Ami(M,
W} Wiai(Ms) = —A%e_(l’”‘“”)zn Vi msi(Ms), (3.5.15)
AmE(Mg) _ ]
WhasWrai(Ms) = Z;%M_ge @I+l le) 7, Viemsi(Ms). (3.5.16)

The dominant contribution to the g — ey rate is proportional to
lW£33WL32W1§33WR31(MS)‘2 + |W£33WL31W1];33WR32(MS )I?, giving

_ Amz (MG) Am2 (MG)
B(p—ey) = Am%(Ms) Amg(Ms)

2
] ‘3—(61"*'412‘1'415) X (|z2L21R|2 + QZILZZRI:Z)
x B(u — e, Wi(rysiW (ryss(Ms) — Vicnsi(Ms)
= |2z, 215 0" + |21, 22417 X B — €%, Wi yssWimpss(Ms) — Vicmrsi( Ms))-

(3.5.17)
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This € represents a possibly significant suppression of the rate for large tan g.

At this point, the reader may object: it is true that the Wi(g)s; decrease from
Mg to Mg, but as already mentiqned, thé non-degeneracy between the third and first
two generations is increasing. Which effect wins? We argue that in general thereis a
net suppression. This is easiest to see if in computing the u — ey 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

. - 7
7},*}\\7}2 \I\N
X *
ﬁL}/ \ KR
———1 «—H—p———
#L A’n CCL

Figure 3.6: The dominant diagram (for g — e7) 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 m%mm%m(Ms.)-. From

(3.5.7), we see that the rate scales as

2
(misamher) (Ms) = e CFHIHD) (i} mi ) (M), (3.5.18)

. . . . . Am2(Mg)
a net suppression. In the mass insertion approximation, then, the terms Hé(iﬂg' mn

(3.5.17) serve to exactly compensate for the increased non-degeneracy between m%L
and m}L; what remains is still a suppression. This, together with (i)’ invalidates
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 3: numerical results

The amplitude for 4 — ey depends on the 6 x 6 slepton mass matrix M2. In

the basis where m?, m% are diagonal, we have
ﬁzEL + Dy, k
M? = (3.6.1)
kt ﬁ%}z + Dp
where in the large tan g limit, D; = —(T3; — Q;sin® Oy ) M2 is the D term contri-
bution, and k;; = um, tan fWr3;Wgs;. The amplitude from Fig. 3.1 for pz decay

is

@

Fr W30Ga(M?)Lri Wi,

47 cos? Ow
where

Go(M?)L Go(M 2)LR)
, (3.6.3)

Go(M*)ry Go(M®)gr

In [7], M? was approximately diagonalized by the um, tan 8 insertion approxima-

Gz(Mz) = (

tion, and G,(M?) was calculated using this approximate diagonalization. Since here
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tan S is large, we wish to avoid making such an approximation, and numerically di-
agonalize the full 6x6 M2.

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 8, since the moderate tan 8 scenario has been covered in [7]. Secondly,
we choose to present our results in a different way than in [7], where the rates
for p — ey were plotted against a combination of Planck scale and weak scale
parameters. In our work, we compute y — ey entirely in terms of weak scale
parameters. In particular, we assume that the necessary condition for a significant
& — ey rate exist at the weak scale, namely non-trivial mixing matrix Wi g,
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. Qur plots for ¢ — ey rates are made against low energy parameters,
and we separately plot thé regions in low energy parameter space predicted by
our particular scenario for generating ¢ — e7y. 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 u — ey rate exceediﬁg 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 §: the well known difficulty in achieving electroweak sym-
metry breaking in this regime. Working with high energy parameters, and imposing
universal scalar masses nécessita.tes a fine-tune to achieve SU(2) x U(1) breaking.
However, we have nowhere in our analysis made the assumption of universal scalar
masses, hence the Higgs masses and squark/slepton masses are indepéndent in our
analysis, and therefore the g pafameter 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 — ey depends on
the weak scale paraméters i, tan S, Mg,m-gL,m?;L,m%R,m-}R, Wisi, Wra;. We know
that the amplitude depends on Wi(g)s: simply through the product Wis;Whs;,
so for normalization in our plots we put Wrrjsi = Vkmsi- Any deviation from
this can be simpiy multiplied into the rate. We also fix tan 8 = 60, and put

Ty = Meum — Apr). Next, we use some high energy bias to relate m;, and
mg,: we assume that their difference is proportional to M; ( as would be the case
if they started out degenerate and were split only fhrough different gauge interac-
tions), so we put ﬁz;L = mg, —rM,. 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;, = m;, = m;. We also found
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that as long as ﬁ-: is close to 1, there is little dependence on its actual value either,
so we put Ay = Agp = A.

Now, the g — ey rate depends only on g, M,,7%; and A, and we have the
large tan § interpretation of p and M, as chargino masses. Fixing 7y = 300 GeV,
we make contour plots of B(u — ev). The rate scales roughly as m=~* and p? for
scalar masses heavy compared with gaugino masses. In Fig. 3.7, we fix ¢ and plot
in M2 — A space. In Fig. 3.8, we fix A and plot in g — M, space. In Fig. 3.9, we
plot the values of A predicted by the GUT against M>, for various values of A{{(Mg)
and A.(Ms) and for two values of bs, the gauge beta function coefficient above the
GUT sca.lé. 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 A of
0.3 (x300GeV) would give rise to rates above the current bound of B(p — ey) <
4.9x10711[54]. However, from Fig. 3.10, the suppression from ¢ is seen to be typically
20, allowing A’s of up to 0.45 (x300GeV). We see that € is crucial in giving the
GUT more breathing room, as A’s of less than 0.45 are more common. From Fig.
3.8 it is also clear that regions of small g and M, (that is, light chargino masses)
are preferred. Smaller y is preferred because it decreases the L-R mass ym. tan 3,
small M, 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, are preferred for

electroweak symmetry breaking[38, 39].
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If 4 and M, 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 Qf the LSP
to energy density of the universe k2 then just depends on its mass, and the size
of its Higgsino corﬁponents, both of which only depend on yx and M, in the large
tan @ limit. In Fig. 3.11, we make a plot of (0A? in p — M, space. We see that it is

possible to get £ ~ O(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
L:ea,listic 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 SO(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 SO(10), and the two low

energy Higgs doublets lie in a single 10 dimensional representation. Only the third




Br (p—>ey)

(a) 9-¢
0.5 10'8
0.4 -
107°
A(300GeV) 0.3
10720
0.2 -
10 11
-12
0.1 10
0 .
60 120 180 240 300
M2 (GeV)
(b) 0.4
-8
0.3 10
’ -9
A(300GeV) 10
0.2
10-10
0.1 1071
10-12
0
60 120 180 240 300
M2 (GeV)

Figure 3.7: Contours for B(x — e7) in M, — A plane with My = 300GeV, A =

U WE, gy = 0.04, Wi, ., = 0.01, for 4 = (a) 100GeV, (b) 300GeV.

Contours for negative y are virtually identical. To get B(u — evy) prediction from

a GUT, multiply by appropriate Clebsch, and e factor (Fig. 3.10).
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Figure 3.8: Contours for B(p — ev) in g — M, plane for (a) A = 0.25, (b) A = 0.5,
with other pa.rarheters 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 dg.shed lines are contours for a 45 GeV 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 A = él";—A‘R, Apr = MZ, ) (at Ms), against
M,, for %(mﬁl + m%ﬂ) = (300 GeV)%, X\, = M = Ar (at Mg) = 0.5, 0.8, L.1,
A(Ms) = 1,0,—1, two values of the gauge beta function coeflicient b5 between
Mg and Mpg, (a) bs = 3(asymptotically free), (b) bs = —20. Scalar masses are

assumed degenerate at Mpr = 2.4 x 10'® GeV. Mg is taken to be 2.7 x10'® GeV.
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Figure 3.10: Plots of the suppression factor € against M,, with the same parameters

as in Fig. 3.9.
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Figure 3.11: Contours for QA% in g — M, plane in the large tan f limit. Dashed
lines are LSP mass contours of 30, 45, and 60 GeV. For all regions of mpsp < 45

GeV 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
A3316316310. (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
16:):;(A,)16;10. (3.7.2)

The A,’s are fields in the adjoint representation of SO(10) and their VEV’s break
SO(10) down to the standard model gauge group. Therefore, these Yukawa cou-
plings ca-un take different values for fermions of the same generation with different
quantum numbers under SU(3) x SU(2) x U(1) 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 Ay, A\p and Ag, and they take the forr;:l

at Mg
0 =z2zC 0 0 =2C O 0 =zC O

Aw=1|2C y.FE z,B|,2p=|2C wFE zB}l,2g=]|2C yE z.B]|,

0 z.B A 0 B A 0 zB A
| (3.7.3)

where the z,y, z’s are Clebsch factors arising from the VEV’s of the adjoint Higgs
fields A,. This form is known to give the successful relations Vi /Ve = W
and Vi /Vis = \/m [55] so it is well motivated. Strictly speaking, the inter-
action (3.7.2) become the usual Yukawa form only after the é,djoints A, 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 Mpz) where the ultraheavy fields are integrated out if the wavefunction renor-
malizations of A,’s are ignored. In the one-loop approximation which we use later
in calculating radiative corrections from Mp;, to Mg, they give the same results,
because the wavefunction renormalizations of the adjoints A, 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

z,y,z associated with its elements. All the Yukawa matrices have the ADHRS form

0 ZIC 0
Ar=|21C yiE =B |, I=qq,eu,ud ¢f,nd,nt. (3.7.4)
0 B A

If each entry of the Yukawa matrices is generated 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 A;; phases by rephasing the
operators. After phase redefinition only F is complex and is responsible for CP
violation. In order to generate the reaiistic fermion mass and Iﬁixing pattern, one

expects the following hierarchies,

B

Z ~v b ~~o 62’

E m, &2

A iy ’

C .

7 ~sie 0. ~ ¢, where e~ 0.2. (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= |2C y|E|e€® zB|=ViVE, (3.7.6)

0 z'B A
ez'q& S F ei‘i’ 0

VF ~ - —Spl 1 sz N (3.7.7)
Spl Sp2 —SF2 1
1 SB1 0
Vg~ | —Spe* e Se, |, (3.7.8)

Sp,Sp,e”* —Sp,e”* 1

where
zB z'B zC 2'C
Sp, = R Sp, = 4 Sk, = ok Sp, = T
~ ! B2
E' =|yE — Sp2Spa2A| = y|Ele*® — CCZ ’
z'zB?

¢ =arg(E), ¢ = arg(yE — -

The soft SUSY-breaking scalar masses for the three low energy generations and

trilinear A terms are assumed to be universal* at Planck scale Mpy, 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 p — ey 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 é,lso have the

same A term.
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Mpy, 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 Mg 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 m% as an example, from Mp; to Mg are

d
Em% = 2(2agmirL + 2,\,;rrz,}‘;,p,\j9 + mZApAl + AgAbm + 2¢pc¢h)

+ 3(2AeumPAl, + 22y, Al + mEAAL + AcdmE + 2¢ucl))

— gaugino mass contribution. (3.7.9)

In the one-.loop approximation, the gaugino mass contributions are diagonal and
the same for all three generations, so they can be absorbed into the common scalar
masses and do not affect the diagonalization. The corrections to scalar masses at

M have the following leading flavor dependence

AmZ o 22gAL + 3AA0,




22C? Z7.CE* Z.%.CB
=5| ZmCE 22C*+y?|Ef’ +22B* y.z.EB+1.BA | ,(3.7.10)
2.2.CB Y.z E*B +%.BA z2B? + A?
where the overline represents the weighted average of the Clebsch factors, 22 =
2(222+322,) and so on. Because Am} is hierarchical, assuming no big z, y Clebsches
(ADHRS models have some big z Clebsches), the rotation matrix which diagonalizes
it can be given approximately as
1 5}91 Sgs
Us(Mg) ~ —Sg et % S |, (3.7.11)

551 S'E.le_i"IS - 5’53 —S'Eze_i¢ 1

where
~ z.B - ze2!CB
SE2 - A k] SES- A2
= Ze3:C |E| —ig_ E
Sg, == — — , e = —,
BT ROL G+ @ -2 B

Similarly, for other scalar masses the leading flavor dependent corrections at Mg

are
Am? ,\1’ 3 t A /\f A
mjy & EAE + qu qé + nfAnly
Am? o X Al + A AT + 2 Al + A XI’
Q UAy DApD 99 Vgq glNges
A 2U 2 TU fa 22,4\
m x 2A AU + Aeu eu + udNudH

Am2 o 225ap + Al A + 228 A, (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

W, (Mg) = U Vg,

1 Sg,, — Sp1e'=%)  Sp,(51, — Sg,, ) - 31,
o~ (5L, — S5, e i(#=22) RICEN (81— S, )6 ’
—SELI (Sz, = SELz Je~ e + gLa (§L2 - SEL2 Je~ e 1
(3.7.13)

WEL(MG) = U.;VER

eite SEzn eite — .S_'EIeig 5'51(5_'132 - SEm)eig— SEs
~ S_'E'I ei¢e - SER1 eig eig —(532 —_ SER2 )e'i¢
_SEm(gEz - SERz) + S'Esewe 552 — SEp 1
(3.7.14)
where

z,C z.C . zlz.B?
Sg,, = I Sgg, = 5 E; =y E — Tl’

z'B z.B 5 z.z.B?
SELz 4 7SER2= A ,¢e=arg(ye|E]e¢— A )

~ (Z (if ye ~ ze, 20),

5’ _ zeySC‘El 5- _ :—ieB S \__ ;;'17_,60.8
BT EC B+ @ —mp TR T A TR T A
. zy.C|E| . =B . 2z.CB
Sp, = L2=A75L3= YU

2207 + 2| B + (a2 — 32)B?’

83




1 —~ 1
Ze = (2@ +3Teu)y T = g(x'e + 3y + 77 etc..
Note that

= CB = = - CB
Sz, ~ Clebsch x 2 SELl(SLz - SEL2) = Clebsch x 7% (3.7.15)

If there is no very big or small Clebsch involved and no accidental cancellation,

S1s,SE, can be neglected in W’s.

Compared with Vi,

Viem(Me) = Vi Vo,

1 Spy, — Sug, e @) —Sy, (Sp,, — S, e
~ SULI _ SDLle-i(¢d-—¢u) e—H{¢a—du) (SDL2 _ SUL2 )eicbu
SDLI (SDLl - SUL2 )e-i¢d —(SDL2 - SUL2 )e_i¢d 1
(3.7.16)
where
v z,C _, z,2), B? z,z., B?
SULI =E—£" Eu= qu— A a¢u=arg qu—T 3
24C z4zy B zqz),B?
Sp,, =‘E?,E;=ydE" j , $a =arg | ya & — ;{ ,
z,B
SUL2 = A s
.’Z:dB
SDLz = 77

we can see that the W’s and Vkjps 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

Oss = 163 10 163,

Ay Ay
=16, — 10 —16,
Oas 2 Ax Ax 3,
A Ap_ }
Oy = 162MX 10 :XL 16, or other 5 choices,
Ax\° Ax\°®
= = — 6 .
Om 161(M> 10 (M)lg, (3.7.17)

where Ax, Ay, Ap_p are adjoint’s of SO(10) with VEV’s in the SU(5) singlet,
hypercharge, and B— L directions. There are six choices of O, 'opera,tors which give
the same predictions for the fermion masses and mixings, but different Clebsches
for other operators appearing above M. Fortunately, they do not enter the leading
terms of the most important mixing matrix elements Wg,,,, Wg,.,, Wy, , WEga »
which appear in the leading contributions to the a.mplitudes of LFV processes and

the electric dipole moment.

The magnitude of the mixing matrix elements Vi arsz, Vamsr, We s, WEL,

WErsy» WERray » and the relevant Clebsch factors are listed in Tables 3.2 and 3.3.

In ADHRS models tan 3 is large. The g — ey rate for large tan 8 has been
calculated in Sec. 3.5 and 3.6 for Wg,,, = Wg,,, = Vis and Wg,,, = Wg,,, = Vi
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 tang, for example
the modified ADHRS modeis in which the down type Higgs lies predominantly
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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
contributions to y — ey are the same ones as in the minimal SO(lO) model of Ref.
[7] (Fig. 3.10 by r, cL R, L g of [7]). The diagrams cpg, ¢} g involve the corrections
to the trilinear scalar couplings.

In the one-loop approximation the leading corrections to (g at Mg contain
pieces proportional to Az, Ap(AEAE + 3AT A + Al An), (222l + 3AAl)AE re-
spectively. The piece proportional to Ag can be absorbed into (g, by a redefinition
of Ag, the other two pieces are proportional to the product of Ag and the corrections

to the scalar masses,

ACg = Alg, + Acg,
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ADHRS models | Model 6 | Relevant proc.
W, / Vi | Lon 1.26
|WEps, [ Vis| fj“:ﬁf 5.4
WE,.,/Vil dulioel 0.42
W, / Vidl e 1.8
g sttt | 5308 | o amp
e el Cosll] | 2268 | g ey amp.
V2WE, . Wp,, [Vid V22hzeya 1 d
VWL, Wepy PHWE gy, We 5, P/ Ves V(=2 +22)z4v. 3 ¢

Table 3.3: The relevant Clebsch factors for y — ey and d. in ADHRS model 6.

1
Mg, = #—Am% AE

R
ACg, = Ag Amj} (3.7.18)
Er
. 6mi+A2 .
where pg, , g, are proportional constants (ug, = pg, = —3 o In one-loop ap-

proximation). The LFV couplings in Fig. 3.2(e), €UEACEUL€rvp, now can be

written as

1
——-CRUgAmEAEULeL’UD -+
HER EL

EﬂUgAEAm%ULELvD

1 -
=r TAmEWE AgWE &rvp + —RWp AgWE Amzérvp, (3.7.19)

PE;

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 V5VE (VS)? has to
be replaced by Wg,,,Wg,,, Wg, . Wg...» and Wg,, . Wg, W Wi ., and %Ié; by
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Am £33 and Am 733- Lhe results in [7] are only modified by some multiplica-

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 (d.)
constitutes an independent and equally important signature for the SO(10) unified
theory as g — ey does. The diagrams which contribute to the electric dipole
moment of the electron are the same as the ones which contribute to y — evy, with
pr(ps) replaced by ez(ef). Thus a simple relation between d. and the g — ey rate

was obtained in the minimal SO(10) model [7],

(g —oey)= —m3IleZ (3.7.20)
Vi 2I(p — e7) VZd
|de| = e]Fy| A sing=e ) A sin ¢, (3.7.21)

where ¢ is an unknown new CP-violating phase defined by
Im([m.(V5)* (Va3 )] = Im(V51)*(Vaz)?|sin ¢

In a more generic SO(10) 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:

| = e l 2T (¢ — ey) V2 \Wg, Wep | sin g’ (3.7.22)
am?‘ \ﬁWELsz WERm 12 + IWERsl WELal |2

where ¢’ is defined by

* * — * * : /
Im[m.Wg,,, WEgs, WER% WEL33] = lmTWELax WEps, WEL33 WER33 |sin ¢'.

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 ¢' & ¢, b = ¢a =~ b, ¢y =0

(because y, = 0). The rephrase invariant quantity J of the KM matrix is given by

J = ImViaVaViaVis

>~ —SUm SD;,; (SDL2 - SUL2 )2 sin ¢d- (3.7.23)

Therefore the CP-violating phase appeared in d, related to the CP violation in the

standard model by

. J
Sin o ——
O el

(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 y — ev. 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 Am% in eqn. (3.7.10) to the charged lepton

mass eigenstate basis, the contribution from the first two generations to Amfg21 is

Aszm (2-1) = Veg,, Vi, Ami,, + VEr: Ve, Am%u + VEgs Ver, Aszn

2.Cz2C? + 2|EP + 2B 7 C22C* CE
=% e Ry
vIC|E| +22%8 + ZwCIEl] .
~ ‘_y_e A2 mE33

(assume z. = 2, as in ADHRS model). (3.7.25)
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Compared with the result found in [6] for minimal SU(5):

Am}, (BH) =V ViAm3,,

N 24C (24 — 2,)* B?

.
== ye Amg,,
CB?
zd (za — xu)z' E
R BLAmE, (3.7.26)

we can see that if the Clebsch factors are O(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 bz r,¢L R, ¢ g of [7]) which are enhanced by
%}f, large Clebsch factors are required. While it is possible to have large Clebsch
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 Ay 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 vertices. These additional, weak scale,
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 D® — D°® mixing 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 rjlodel.

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.

91




The electric dipole moment of the neutron, d,, is a powerful probe of the
neutral gaugino flavor mixing induced by unified theories. In the minimal SO(10)
theory, d,, arises from the flavor mixing in the down sector, which leads to a down
quark dipole moment, d;. However, in realistic models the flavor mixing in the up
quark sector leads to a d, which typically provides the dominant contribution to
d,. Thus the neutron electric dipole moment is a more powerful probe of unified
supersyminetric 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 K%u*. In the minimal
models, without such mixings, this branching ratio is expected to be about 1073:
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 ﬁ10del dependent, we nevertheless think that this effect greatly changes the
importance of searching for the chargéd 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 5 on the lepton
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process, u4 — ey which is expected in unified supersymmetric SO(10) models. The
amplitude for this procéss has a contribution proportional to tan 8. In this chapter,
we have found that the naive expectation that large tan £ in supersymmetric SO(10)
is excluded by u — ev is incorrect, at least for some values of the superpartner
masses of interest. Contour plots for the g — ey branching ratio are shown in
Figs. 3.7 and 3.8. It depends sensitively on the parameter A, 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 fér large tan f§ still give allowed
predictions for the b/ mass ratio, give a much reduced value for A, thereby reducing
the 4 — ey rate and partially compensating the tan? 4 enhancement. A further
significant suppressioﬁ 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 8 ~ m;/m; is not excluded in SO(10), the
4 — ey rate is still typically larger than for moderate tan 8, so that this process

provides a more powerful probe of the theory as tan § increases.

For large tan 8, 1 and M, become the physical masses of the two charginos. The
¢ — e~y contours of Fig. 8 show that g and M, should not be too large, providing
an important limit to the chargino masses in the large tan # 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 GeV suggests that the two light charginos will not
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be light enough to be discovered at LEP H.‘

As an example of theories with both a realistic flavor sector and large tan
we studied the models introduced by Anderson et val.. 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 y — ey amplitude by a factor of
2.3, and suppress d. by a factor of 3. Even taking the top quark Yukawa coupling
to have its lowest value the rate for u — ey in this theory is very ldrge. 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 d,, and d.
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 d. is given in eqn. (3.7.24) and
is numerically about 0.2. We have computed the .radia,tive corrections to m,, 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 d, from the up quark at one loop.
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Chapter 4

A supersymmetric theory of

flavor with radiative fermion

Inmasses
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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 K3hler
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], oi)ening 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 mass M, one
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can get light generation Yukawa couplings suppressed by %}. This mechanism can
naturally generate second generation Yukawa couplings, but in order to ensure small
enough first géneration 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 Yukawé couplings: if generated
radiatively, they are suppressed by the loép factor Telﬁ' 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 [539, 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(1) theo-
ries with minimal low enérgy 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 phenomenologiéal
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. OQur 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 coﬁpling which is zero at tree
level will never be generated radiatively. Thus, in order to have 'ra,diative 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 A is dimensionless and vanishes in the limit
ﬁzs (the supersymmetry breaking scale) goes to zero, we must have A ~ 22732,
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 [ d*6f(#) (where f($) is some function of the superfields ¢ in the theory)
will also forbid [ d?66” f(¢). 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 K lepton masses for K = 3,2,1 in turn.

K=3. In this case, we have a vanishing tree level Yukawa matrix which has a
large U(3), x U(3). 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(1) 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 eigegvalues; 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 Ag is diagonal,
Ae=1900 0 |- (4.2.1)

Since Ag 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 m%( Ry
m33(12) - UL(R)m%(R)UZ(Ry (4.2.2)

where the Ur(p) are unitary rotations in the upper 2 x 2 block,

uL(R) 0 ' v
Upry = . (4.2.3)
0 1
If we write
m2. ., m2
m% _ 2x2 2x1 ’ (4.2.4)
mgll mgs

then under U, we have

2 1 2
2 ULy oUy ULMy
mj; — , (4.2.5)

2% t 2
Moxi1UL M33
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and we can choose uy, so that

ungxl = . (426)
Ami,

Thus, we can choose a basis where the 1-3 and 3-1 entries of m? are 0, and similarly

for m%; the scalar masses have the form

2 2
m;  émi, 0

mig = | ém% mi Aml (4.2.7)

0 AmZy m?

L{R)
The 1-2 entries, ém3,, are constrained to be very small compared to m? and m3
from FCNC considerations. Suppose we put just one of the ém?,, say ém?,;, 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 genération. Hence, the radiatively generated first generation Yukawa

coupling will be suppressed relative to the second generation one by roughly

M - §miyp 6misp (4.2.8)
Az mi m% o

where the m} p are 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 m?, m2, m2 are taken
to be degenerate and equal to m2. We find the radiatively generated Yukawa matrix

for the upper 2 x 2 block is

T (e TR (6)e
Agxz = ™ , (4.2.9)

b f(6) f(3)z
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where

4 2 2
f(n) = m** (;l ];4 0 2)n_1 M) z = const x MAZ?L Am?R
™ —m | m

b

and M is the gaugino mass. Since f(n) is only logarithmically sensitive to the ratio

%237 we put M? =m?. Then, f(n) = m—_—ﬁ and we have

iémf” 6m12 6m12

—L2Ll g
30 m?2 m2 20 m2
Apxa = . (4.2.10)
57’)’1.12E L(C
20 m?2 12

Diagonalizing the above matrix, we find the ratio of the first to second generation

eigenvalues to be

A 1 ‘5m12L 6m12R
=~ 4.2.11

)\2 25 m2 m2 ( )
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)

1 5m12£ 6m12e -4
35 m? e <2x107*% (. — ev)

1 6m12q 5m12d

75 3 <1 x107% (K; — K, mixing)

1 6m12q 5m12d

%5 o < 6 x 107° (D; — D, mixing). (4.2.12)

We are left with the case K=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 Yukawa matrices; in particular,
then, the scalar mass matrices cannot be diagonalized in thé same basis as the
Yukawa matrices. Thus, if we work in the rriass 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

(2) X (b) H
i {
éL,/ \\éR {LL// \\{LR
3 / )
/(A+pean;3),\,\\ A(A+ peot Ak
{ { A
. > { —— 1 o " . 1 ——t ] ~—
L Wg, i We, L Wu, § Wy,
X
(<) !
JL, 77N \d-n
_ 17( (A+ ptan ﬂ)/\b*\
1. -« <
22 Wp, & Wp, d

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 -

Ame 5 = Z ]V;B (Hng + cot 6w Hpa, )

am, . )
x 47 cos? Ow (A+ ptan B) X {Wey3aW, 33 WEnssWi a3

n=]

[A(z3L., T3R,) — M(Z3Lm, Z1R.) — B(Z1L,, T3R,) + A(Z1L,, T1R, )]
+ W 3aWg, 33 83p[h(z3L,., T1R.) — R(Z1L,, T1R,))

+ a3 WERWWE,‘Ras[h(?«'le $3Rn) - h(fCan, $1Rn)]

+ 5a353ﬁh($1L,,, -’L‘an)}a ' (4-3~1)
8asm; A+ ucotf . -
Amuaﬁ = ’3‘ i t( M- ) X {WUL3aWUL33 WUR3£3WUR33
g

[2(z3L, z3r) — h(zar, z1R) — k{211, Z3R) + A(21L, Z1R)]
+ Wg,3aWg, 33038l (z3L, Z1r) — h(Z12, T1R))

+ o3 WEnsﬁWERss[h(le, z3r) — h(z1L, Z1R)]

+ 603 636 A(z11, T1R)}, (4.3.2)
mZ m2 m2
where Z3p(r), = —2, TiLR), = —&2 in the lepton sector, zspr) = —L¥,
n n §

m2
ZTIL(R) = —"ﬁéﬁ and Amg g is the same as Amy 5 with the replacements cot § —
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~

tan 8, m; — my and ,4 — b,d, and where

h(z,y) = M’

z—y
fz) = ‘;‘l_“i (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 m. &~ Am,;. 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]

_am, (A+ ptanpf)
¢ 7 4rcos? Oy M,

m

X WEL31WER31h($3, 5123)7 R (434)

where M, is the bino mass, h(1,1) = 1/2, and we have assumed Wg3s ~ 1. As
explained in [59], we must work in the large tan 8 regime, and so we can neglect
the A term contribution above. If we set tan 8 = 60 and g = M; = m, equation
(4.3.4) reproduces the electron mass if the product Wg,,, Wg, 5, =~ 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 WEgsy WEL 4, Will be

correspondingly larger. In Fig. 4.2, we give a plot for the relevant super-GIM

105




suppression factor. Assuming left and right handed scalars degenerate, scalars of
the first two generations degenerate, and the third generation scalar degenerate with
the ga,ugino,'we plot the super-GIM factor against the ratio of first two generation
to the third generation scalar masses. This implies that each of Wgg,,,WE, 5, should
be at least 0.1. In the following we will explore the congequences of having such
large mixing angles.

—p — ev: 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 g — e7.
How dangerous is this effect? In appendix C, we present the FCNC constraints on
the elements of the mixing matrices W. Requiring the u — ey rate to be smaller
than current experimental bound constrains WE_,_( R) 32WER( Ly 1O be smaller than
~ 107*. Since we know that we need WEe rys ~ 0.1 in ordef to generate the
electron mass radiatively, we must have that Wg,, ,, .S 1072 in order to avoid a
dangerous u — ey rate. It may seem strange that WEL( 31 and WEL( )32 have such
disparate sizes; any theory of lepton flavor with radia,tively generated electron mass
must naturally explain why WEL( 3)35 is so much smaller than WEL( )31 Speaking
more loosely, if the electron mass is radiative, muon number must be very nearly
conserved.

-7 — ey: What about the decay 7 — e4? Since it is a 3-1 transition, it is

directly related to WeL n) a1 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(zs,z3) — h(z3,z1) — h(z1,z3) +

h(z1,z1) and H= h(zs,z3) — h(z3, 1) versus the ratio between the first two gen-

eration and the third generation scalar masses /7.
y = mi % [miz? = z,/z3, with z3 = 1, (M, = ma3).

Am., — an i
Slees = 2.4 x 1072(L)(8B) () \/FWE, 3o WEngs»

my

AMusp _ 1 9 10‘2(%)(%)\/273[4/%30WUnsﬁv

Ay, i
et = 0.7(2) (%) (55)vEWD,30 Wbnss:

for a, f =1, 2, and H has to be replaced by H if one of the a, Bis 3.




simplified equation (4.3.4), the amplitude for 77(r) decay is

am, (A+ uptanp)

Fumy = 47 cos? Gy M X WEL(R)319 ($37 z3), (4.3.5)
where
_ f(=) = f'(y)
9(2.9) == —
‘ 2?2 ~2zlnz —1
(z) = : 436
F@) ==y (4.3.6)
and g(1,1) = &. The branching ratio for 7 — ey is proportional to |Wg, 4 |* +

| Weral? = 2|1We, 5. Wegs s which is the product constrained by the requirement
of obtaining radiative electron mass. Putting p = M; = m = 300 GeV gives
B(7 — ev) =~ 107%, 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 generatea
m, and the 7 — e rate depend on the following parameters (other than the mixing
angles) in the large tan B regime: (g, Mi, My, m2%,m? tan ) Putting tan § = 60
and assuming the grand unification relation M, ~ 2M;, the dependence is reduced
to only (g, My, m2,m2). Specifying these parameters determines what the product
|WE,31WEg31| should be to obtain the correct electron mass, and this in turn pro-
vides us with a lower bound on B(r — ey). In Fig. 4.3, we give a representative
contour plot for this lower bound on B(7 — e7v). Over a significant portion of
the parameter space, the rate is only 10-100 times smaller than the current bound

B(t — ey)$1.2 x 107* [61].
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Figure 4.3: Contour plot of B(r — ev), where the mixing angles are fixed by

requiring a radiative electron mass.

We have put tan 8 = 60., p = m>=200 GeV, and plot in the M; - ,/y plane where

N

T

M; is the bino mass and we have assumed the GUT relation My ~ 2M;; y = —:%g
We also assume that the left and right handed mixing angles are equal, giving us a

lower bound on B (7 — e7v). The branching ratio scales as f—‘—%“—ﬁ
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—d.: If there are CP-violating phases in the theory, we have further consid-
erations. F i;'st, we note that if there is no mixing with the second generation (as
seems to be required for avoiding dangerous p — e7y), then we can choose a basis
where the mixing mafrices WE, p, are real: the only potentially complex coupling
is (gm25, 7 + h.c.+ L — R). Since the tree level electron Yukawa coupling is zero,
we can independently rephase the superfields er(r) to make m?, L(r) Teal. Thus, the
only sources of CP violation are the phases in the A and y parameters. Ordinarily,
(when no fermion masss are generated radiatively), the phases of A and p 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 4 = M; = m. Then, we have

me 02 WEL31WER316’:9 .02 WELBleiG

m 02 W, e 1
0GeV >

%e- ~ 1.5 x 107 cm x (@—M—li-)
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X e, (4.3.7)

where 6 is the phasé of A+ ptan . We can approximately diagonalize the lepton

mass matrix as follows

Me * t
m, o VEL O 1 VER’
e~/2 0.02Wg, e~
(R)31
VEL(R) >~ ] (438)
—0.02 WEL(R)31 eit/2 1

In the basis where the lepton mass matrix is diagonal with real eigenvalues, the
electric dipole moment matrix is d, = VgL d.Vz,, and the electric dipole moment of
the electron is d. = Im(d;,,). We find with M; = 300 GeV and Wg, ,,Wg,,, ~ 0.01

ell

(as required to generate the electron mass),
de —24 .
— =6 x 107*cm X sin 6. (4.3.9)
e

Thus, sin § must be smaller than ~ 7 x 10~ for i: not to exceed the experimental
limit of 4 x 10727 ¢cm. So, we have not made any progress on the supersymmetric
CpP problem; However, as we have already mentioned, if we assume that sinf is
sufficiently suppressed, there are no other CP-violating bcontributions 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 O(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 ﬂ;{:—e even if A and p are taken to be real. This would again
give too large a dipole moment uﬁless ﬂn‘tge- <1073, (Of course, in deriving this
result, we assume that most of the electron mass is radiative, otherwise there is no
reason for the WE, s, 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
are given in terms of é;; = -‘%i, where é7h; is the off-diagonal squark mass in
the super-KM basis and Mj 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 ’;—13 2 3. Then it is not clear which scalar mass shoqld
be used for M;. 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 fF is large, some of the one-loop diagrams for the down type quark

Yukawa couplings are enhanced by tan 8 (Figs. 4.1(c), 4.4(a)(b)). They can give
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me 136x107° | 2 12.7x107
me b
me [ Ix107° | 24 (13x1073
smfems | §x 107* | Smfem: | 6 1070
Yame | 4x1072 || Yems | 4x 1077
t my
Yam | 41073 | Bame | o4 %1070
Yame | ] x 1072 | Y |1 x 1077

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 7;
are taken as follows: mq(m;) = 168 GéV, my(my) = 4.15GeV, m (m.) = 1.27GeV,
ms(1GeV) = 180 MeV, my(1 GeV) = 8MeV, m,(1GeV) = 4MeV, g, = 1.5, . =

2.1, Nuas =24, sinf, =022, Vi =4 x 1072, Vi =4 x 1073, Vig = 1 x 1072

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 # 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 V; in the up sector, while generating V;b and 6. requires
Wu, s to be greater than about 0.4 and 0.2 respectively. Wy, is linked to Wp,

by the KM matrix: Vi o~ WULfWDL. To get the correct Vip, Wy, ,, has to be
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Figure 4.4: Chargino diagrams which contribute to radiative down-type quark

masses and are enhanced by large tan f.

canceled by the mixing angles of the same size in Wp,, which will violate the
FCNC constraints listed in Table C.1. Therefore, we will only consider generating
KM mixing angles in the down sector. |

The flavor dia.goﬁa.l gluino diagram could give large corrections to the down
quark masses if the corresponding Yukawa couplings already exist at tree level.
It does not generate fermion masses if they are absent at treg level, but gives
large uncertainties in the tree level bottom Yukawa coupling AJ, which appears
in these gluino diagrams. The flavor-changing gluino diagram (through m_gfzta.n B3)
can give sizable down quark mass matrix elements involving light generé.tions and
therefore generate my and KM mixing angles. The first chargino diagram (Fig.
4.4(a)) only gives significant contributions when one of the external leg is bg, i. e.,
it contributes to Apiz, Ap2s, Apss- With some unification assumptions at high
. scales, one usually finds the chargino contribution to the 5ottom quark mass 1s

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 Aj. The contributions to Ap;3 and Ap,3 are proportional to V4 and
Vs respectively, so they can only give corrections to the already existing mixing
angles but not generate them entirely. The second chargino 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.

-my: The possibility that m, comes from radiative corrections by mixing with
the third generation has been pointed out in [62]. We can see from Fig. 4.2 and T in
Table 4.1 that if Wy, 5, Wy, ~ 1072, m, 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
K — K mixing. However, this constraint is easily satisfied, so it is possible that m,
is entirely radiative.

-mg: From Fig. 4.2 and Table 4.1. we can see that to generate my requires
W, 21 Whrai ~ 2x1073. 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 my 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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1s:

Alpn _ WDL31WDR31H < WDRSI <0.1,

(4.3.10
Adpis WD, 3, WprasH ~ Wonss )

for m; ~ 1TeV, assuming Wp,,, =~ 1, where f{— = h(zaL,z3r) — h(z3L, 21R) —
h(z1p,z3r)+ h(z1L, 1R), H= h(zar, z3r) — h(z11,T3r), and h, Ty(5)r(r) are defined
in (4.3.2), (4.3.3). On the other hand, 34~ =~ 0.3. We see that the generated AAp3
gives a too big contribution to V,; which has to be canceled by a tree level Ap,s.

We now discuss the possibilities for radiative generation of KM elements. We
take the independent parameters of the KM matrix to be V., Vi3, Vs and the CP
violating phase.

~8.: To generate 6. we need Wp, ., Wp.,, ~ 1072, assuming Wby = 1
From B — B mixing and b — s decay, or K — K mixing alone, the sfermion masses
are also required to be 21 TeV in order to satisfy these constraints. Furthermore
the phase of Wp, ;,Wp,,, has to be small (< 10~") from the € parameter of CP
violation. Similar to the case of mq, generating 8. radiatively may also give a too
big contribution to V,;. If we try to generate mg, 8., and V,; all by radiative
corrections, ignoring the difference between H and ﬁ , we obtain the following ratio

for the mixing matrix elements from Table 4.1:
Wpras : Wppao : Wppay >~ Ve :sinfem, @ mg ~ 4 : 6 : 1.3, (4.3.11)
By unitarity we obtain

Wppas = 0.55, Wp,,, ~0.82, Wp,,, ~0.18. (4.3.12)
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(Taking into account that H > 7 gives larger Wp,.,, Wpys,-) From Table C.1,
we can see that m; has to be pushed above 2 TeV (even higher for the first two
generations) to satisfy the constraints from both AMg and & — svy. If there are
O(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 Wp,,, mixing. Therefore, it is unlikely that all KM matrix
elements can be generated by radia,tivé corrections.

~Vas: To generate V,, weneed Wp, 5, ~ 5x 10~3, which easily satisfies the B—B
mixing constraints. Hence V,; can be generated radiatively, but as we learned from
z;bove, Vi and 6, cannot both come from radiative corrections, and neither can V,,
and myq.

~Vw: Attaching a photon to the diagram which generates Amp,; gives a dia-
gram contributing to the decay & — sy . Hence one can write down the following
simple relation between gluino diagram contributions to V,; and to the Wilson co-

efficient ¢;(Mw) [63] for b — s7,

47{' .9 M‘%V G AmD23
_ = 4.3.1
AC7(Mw) 4D a s GW mg i V::bmb 3 ( 3 3)
16/23 ~
n Acr(Mw) ~ (8mw )2 (5G) (AmD23)- (4.3.14)

cz(mp)sm mg H ' Vamy
where G = 9(z3r, zar) — g(zir,z3r), and g is defined in (4.3.6). The gluino di-
agram contribution to & — s+ interferes constructiveiy with the Standard Model
contribution if V,; is generated by the similar gluino diagram. Therefore, generating

Ve radiatively requires heavy gluino and squark masses { 2 1 TeV) or cancellation

117




between the chargino diagram contributions to & — sy 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 Vg, 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 p) is counted as in the following.
There are four unitary mixing matrices Wy, , Wy, Wp,, Wp,, (Vi is related to
Wy, 1, Wp, and hence is not independent,) connecting 7 species of quark and squark
fields uz, dr, ug, dp, @, U s D. Among the phases of these fields, 6 are fixed by the
6 eigenvalues of the Yukawa matrices Ay and Ap (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 m, and mg 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 Wy’s and
it can give significant contribﬁtions to the CP violation effects in the K 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(1),, x U(1),, 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 éurpose 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 {,,e, (@ = 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 £ and e mix after flavor symmetry break-
ing. In general, we have vector-like superheavy states (L; & I:i) and (E, & E,),
(t=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 ¢ with VEV’s (¢) breaking the
flavor group G;. In the superpotential, we have bare mass terms for the (L, L) and
the (E, E) fields, as well as trilinear couplings mixing ¢’s with light and superheavy
states. We also have a large Yukawa matrix Aj4 (I =1,..,n+3, A=1,...,m+3),

connecting the down-type Higgs hq to the (¢, L;) and (e4, E,),

€
W > ( ¢ L ) A ha. (4.4.1)
E

Once the fields ¢ develop VEV’s, we will have mass terms like, £ (¢) 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),




we must make appropriate (¢) dependent unitary rotations on the fields:

A 14 _ _
= UL((¢)) » L'=Ur((¢))L,
L L
S =umen| |, B =ustenE. (+42)
E' E

In this basis, the mass terms are 52 M;L/ L, + Y ™3 M E'E’ , and the Yukawa
matrix becomes

Ay = Ui ((6))1sA58UL(()) B A (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 A for the three low energy generation leptons

is then

Xag = UL ((6))as As8UE(9)) B0, (2,8 =1,2,3). (4.4.4)

We would now like to understand circumstances under which we can have a
certain number of zero eigenvalues for A. For A 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

A. Consider for instance the contribution to A from the Jo’th row of A. Defining
xa' = UEQJO y Y8 = AJOBUg'Bls’

we have

ARz = gy, (4.45)
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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 — & is that the number
of non-zero rows (or the number of non-zero columus) of A, up to. rotations, equal

3 —k, i. e., A also has rank 3 — £; since in this case A is of the form

3-k
Ao = Y 233, (4.4.6)
J=1

which is manifestly rank 3 — k or less (the case of interest to us is &£ = 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 Ap and Ay,

d

hd.+( ¢ Q)AD ‘A, (4.4.7)

WD( g Q)AU
U

D

where all new fields are in obvious analogy with the lepton sector. Let us assume
that the geperal condition stated above, ensuring the existence of a massless eigen-

value for Ap and Ay, is realized by Ap and Ay. Then, we can write
ADog = :c},,yg + xzzﬂ, Ayag = :v;ly},» + xfz'ﬁ, (4.4.8)

Suppose in particular that Ap and Ay have nontrivial entries in the same two rows,

in which case we can choose zi, = 2%, i = 1,2. Then, the resulting KM matrix has

[+'3]
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
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both Ap and Ay 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 z], point in the 3 direction, and make independent rotations on the
right-handed up and down quarks to make ys and yj also point in the 3 direction.

In this basis, we have

000 000
Abap =10 0 0 +2225, Avag= | 0 0 0 + 2z (4.4.9)
0 0 7 00 7
afs of

However, we can always make rotations on the upper 2 x 2 block so that z2,z, 2’
have 0 entries in the first component. Using equation (4.4.9), we easily see that
both Ap and Ay 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
6. or Vi (as is necessary from our discussion in section 4.3), we must ensure that
Ap and Ay 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

Gy 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 requiremen.tshof 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 — 7 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 Gy = SU(2), x SU(2). x U(1) 4, then give an extension to

the quark sector.

4.5.1 The lepton model

The lepton model is based on the flavor group Gy = SU(2), x SU(2). x U(1) 4.

The fields are categorized as light /heavy and matter/Higgs in Table 4.2.

Light Heavy
Matter £3(0),£7(+1) | L(+2), Lr(+1), L(~2), L*(—1)

63(0)’ ei(—l) E(—2)7 Ei(_l)vE(+2)7 Ei('*'l)

Higgs h(O) ¢U(+1)> ¢ez(—l)7 S(O)
Table 4.2: Field content and G transformation properties for the lepton model.

I, 7 are SU(2), and SU(2). indices respectively, the numbers in brackets are the

U(1)4 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.! Requiring these discrete symmetries and Gy invariance gives us the fol-

lowing renormalizable superpotential (where all dimensionless couplings are O(1))
W = A3lzesh + A LEhR
+ filsl ¢or + folrL1S + falre™ ¢es L
+ flesE'de; + fie 'S + fieic? do; E
+ MpLL + M, L'L; + MgEE + Mg E*E;. (4.5.1)
Not;e that this superpotential has only two Yukawa couplings As ( for the 7) 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;? we identify this state with the electron.
The fields ¢y, ¢. and S take VEV’s which break the flavor symmetries. We can

assume without loss of genéralit_y that (@e) = (ve,0),{¢e) = (ve,0). As described

generally in the previous section, these VEV’s mix the light and heavy states and

1However, both of these parities are automatic in the SU(3), x SU(3). models considered in
[59]. The U(1)4 factor in Gy 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), x SU(2). x U(1)4 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:

fseIGIJ (¢£J) )A4h(féei6ij <¢c_,'> )

AW =37 Mg

= (222 3‘”)( 3"6)/3,, oh, (4.5.2)

so, we can identify (43, e2) with the muon and (4, e;) with the electron.

-
Q

Altq

X

th‘

~ €

A
"t\‘

.

S -~
[

Figure 4.5: The diagram which generates the second generation masses.

Let us look at the above rotation more directly [24]. Setting ¢¢, ¢, S to their

VEV’s gives the follwing mass terms in the superpotential:
Wmass - MLL(L + 6[[2) + MLILI(LI + €££3 -+ 6'[1) + ML,L (L:z -+ €’e2) (4.53)

plus similar terms for the E’s, where ¢, = —%‘f, € = %, € = %Lé} Thus, the

mass basis is related to the flavor basis via & = Uyl, where £7 = (£;,05,45, L, Ly, Lz)).
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To a first approximation, we have

(

1

U=

0
1
0
€
0

€

0 —€-
- 0

0 —¢

1 0

0 1

0 0

0

1

/

(4.5.4)

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 00

After rotating to the mass basis, we have

(

A =UrAUL =

62/\3 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 egers 0 |- (4.5.7)
0 0 A

just as we found earlier.

Note that the VEV’s (¢,) and (¢.) do not completely break Gy; the generator
T, = Toay, — 2(T7 - T2) (4.5.8)

annihilates both (¢;) and {¢.), and corresponds to the muon number:®

) 4y 4 . €1 €1
e , efTw = . (4.5.9)

Zg 62i0E2 €9 8-216 €2

We now have most of what we want; we need only show that the required mixing
between the 7 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

£ili (9) Fi6{¢h) _ £:(8) fivi, g (4.5.10)
MLI MLI ML] MLI ¥

Note that this term explicitly breaks the U(1),, 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 Gy can be replaced with its Z; subgroup and still avoid dangerous
muon number violating processes; after the VEV’s are taken there is a symmetry under (43, €2) —
{—£2, —e3) which still forbids mixing between the scalar u and 7, e, therefore avoiding the dangerous

p — ey decay.
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Figure 4.6: D term mixing between the first and the third generations.

between T and € to occur. Let us check it more explicitly. The D term part of the
lagrangian is [ d*0(¢'¢+8%0%¢'m24), where ¢ is a collection of all the fields and m?
is the soft supersymmetry breaking scalar mass matrix. When we rotate to the mass
basis, we send ¢ — U¢. Under this rotation, ¢7¢ is invariaﬁt, but m? — Um2Ut+
In our example, the scalar mass term for the left-handed lepton fields is £imZ¢, with

2 __ a; 2 02 02 2 2 2 ;
m; = dlag(mfl,mzl,mls,mL, mj ,mj ). The scalar mass matrix for the three low

4This is not strictly speaking correct, since supersymmetry breaking can affect the rotation to
the mass basis. ¥or instance, ip Fig. 4.6, we could attach s purions 82 and 62 to the superpotential
verti;%, obtaining a direct contribution to the scalar mass matrix of order |A}?, where A is the
trilinear soft term associated with the superpotential vertex. Put another way, we ;a.n have
spurions 62 in the rof.a.tion matrix U, and get contributions to the scalar masses from rotating
¢!¢. 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? (3x3) _ ( Uemg Ug)aﬁ

eaﬁ
m3, + [&Pm3, 0 &refm?,
= 0 m3, + leePm3, + |ef[Pm3, 0
Geprm?, 0 m3, + |&flPmd,

(4.5.11)
The zero entries in the above matrix are a consequence of the unbroken U(1), |
symmetry of the theory. We can explicitly see the 1-3 entry generated in the scalar
mass imatrix, 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 severeiy
constrained b& B — B mixing as we showed in Sec. 4.3. This can bé resolved if
the SUSY-breaking masses are heavy enough (2 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 m. and m, come
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from radiative corrections while my and 6. appear at tree level with the prediction
sind, = /mg/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
Gy = 5U(2); x SU(2), x U(1) 4 as in the lepton model. However, a minimal direct
extension of the lepton model to the qua,rkr sector does not give tree level KM
mixing angles. Following the guidelines to generate tree level 4. and V,; in Sec. 4.4,
we need to introduce two heavy left-handed SU(2), singlet quarks @, @’ (and their
conjugates @, Q').° Their U(1)4 charges are assigned such fhat @ 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); doublet ¢}, and a second SU(2), doublet ¢, whose VEV’s are in different
directions from the directions of ¢; and ¢, VEV’s, breaking Gy completely. The
field content and Gy 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', D’ are not included in our discussion. They can be
added as long as their U(1)4 charge assignments forbid their Yukawa interactions with the Q’s

and Higgses.
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Light Heavy
uz(0), ui(=1) | U(=2),U(+2), U(-1),0(+1)
Matter Q3(0), q1(+1) Q(+2)a Q(_Q)’ Ql(o)’ Q,(O)a Q1(+1)7 QI(_]")

ds(0), di(+1) D(0),D(0),  Di(+1), Di(~1)

Higgs hu(o)v hd(o) ¢II(+1)a ¢Ti(_1)7 ;I('—l)’ ,ri(+1)7 S(O)

Table 4.3: Field content and G transformation properties of the quark sector. I
and 7 are SU(2); and SU(2), doublet indices and the numbers in brackets are U(1)4

charges.

S are assumed to take the most general form:®

)

Vio Uro

($u) = , (8n) = :
0 0 )

vn Ur1
<¢;I> = b (¢:z> = » <S> = Us. (4512)

Vi2 ) Uy2 /

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 s transformation properties

of the up sector are identical to those of the lepton model so the analysis is exactly

611, ¢r; can be put in this form by SU(2); and SU(2), rotations, then ¢};, ¢.; VEV’s will
take the general directions if there are no alignments between ¢;, ¢.; and ¢ir, ¢.i;. Here we will

not specify the origin of these VEV’s.
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the same as in the lepton model. The superpotential for the up sector is

Wy = Magahyus + Aua QU
+ fa195Q"du + quQIQIS + fze” 1Qéus
+ fuuaUidri + fuawU'S + fuae?wUg,;
+ MyTU + My, U'U; + MoQQ + Mg, 0'Q1. (4.5.13)
Note that although we introduce another pair of G breaking fields ¢}; and ¢;, they

do not have renormalizable interactions with the up sector and the lepton sector.

The only such Gy invariant interactions

LL'¢l;, EE'¢.,, QQ ¢, UUS., (4.5.14)

717

are forbidden by heavy-parity. Therefore, we do not generate muon number violat-

ing operators even though Gy is completely broken.

The superpotential of the down sector is given by

Wy = Aasgshads + 2aa@Q'haD
+ f1a€ aQ'dly + f1405Q'S
+ fudsDi¢; + fu2diD'S + fazedi Dy + fuadsDS
+ MpDD + Mp,D'D; + Mg.Q'Q’. | (4.5.15)

The fs1 and fi; couplings are responsible for the D term mixing between ds and

d;, i = 1,2 (with intermediate D). fys, fu4 mix dy, ds with D, fo3r faoa MiX g1, G2, G3
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with Q' and they are responsible for generating tree level Yukawa couplings among
d2, d3, and ¢y, g2, g3 with hy. 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 6;1 édgA,M 6;1 643/\,14
AU = 0 quﬁuz)\m; 0 ’ )\D = 0 6;26,12)\‘14 . 6;2643)\44 ; (4516)
0 0 Auz 0 €a€a2hds  €3€a3Aa4 + Aaz
where,
p f q3vi0 ¢ f «3Vrp
g2 — M. s Cu2 M ’
U
€. = — fz]fivl2 ’ ft;S’Ull ’ f,;4'Us
gl MQ' g MQ' 93 MQI ’
fd3”7‘0 fd4vs

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.
m, and my are then generated radiatively by the mixings between the first and the
third generations induced by f1, fo2; fur, fuz, and far, far with intermediafe Q. U,
and D states. fs, faa, faz» faa also induce the D term mixings among ;genera.tions
with intermediate D and Q' states. For example, the mixing between ¢z and ¢, is
~ €,3€49, Which is about the same size as the corresponding KM mixing angle. For
large tan B they can give sizable corrections [O(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;, sinf, and V; to be approximately equal to the tree level results, then we
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have [within O(50%) accuracy]

Ada
=~ 4x107%
Ad3

)\d4 -2
6;26,12/\—d3 2.7x 10 5

!
Voo = €p€d3

ms

myp

iR
R

, |
‘2 0922 (4.5.17)

R

sin 6, ;
6!]2 6d2

Combining the above relations, we obtain the approximate tree level V,;
tree ' )‘d4 . -3
W = €easy— = sin 0.V ~ 9x107°, (4.5.18)
d3

which is about a factor of 2 bigger than the central value. However, as we found
in Sec. 4.3, when we generate m, by radiative corrections, we also generate V724
bigger than the central value by about a factor of 3, which has to be cancelled by
the tree level V5°¢. If the sign is right, (4.5.18) is just in the range which can cancel
against the radiative contribution to produce the correct V,;. 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 geheration 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 4..

4.5.3 A model of radiative m,, m., and tree level my

As we have mentioned, a radiative my 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 m, is nonzero at tree level, while m, and m. arise purely from
radiative effects. The flavor group is Gy = SU(2)r x SU(2)F x Zs. The reason
for the subscripts of the SU(2) groups will-be clear later. U(1)4 is replace by its
subgroup Z,. Matter-parity and the heavy-parity are imposed as well. The field
content is shown in Table 4.4, where I, ¢ are SU(2)r and SU(2)7 indices respectively,
and the numbers in brackets are the Z4 charges with n and (n mod 4) identified.

é7i, dr1, S and X have nonzero VEV’s:

T : VF
(¢7:) = , {@Fr) = , () = v, (X) = vs, (4.5.19)
0 0
which break Gy completely. In this model there is only one pair of SU(2)z ¢ breaking

Light Heavy
e3(0),e:(~1) |  E(=2),E(+2) | Ei(-1), Ei(+1)
£3(0),8r(+1) | L(+2),L(-2)  Ly(+1),L*(-1)
Matter u3(0),us;(+1) | U(+2),0(-2), Ug(+1),0%(=1)
(0, ¢:(-1) | Q(=2,Q(+2),  Qi(-1),Q(+1), Qi+1),Q"(-1)

d3(0),di(~1) | D(=2),D(+2), Di(~1),D'(+1), Dj(+1),D"(-1)

Higgs hu(O)a hd(O) ¢Tz(_1)7 ¢F1(+1)7 S(0)7 X(z)
Table 4.4: Field content and G transformation properties of the model with radia-

tive m.,, m., and tree level mg.

fields ¢71;, ¢F1. 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  invariant holomorphic
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combinations of the two light generations and fields with nonzero VEV’s for the
leptoﬁ and the up qua;k sectors are €% e:d7j, eVirory, M urdry, and €9 qi$T;, which
cannot give Yukawa couplings to both light generations with A, and 2. In the down
sector, ¢’s and d’s have the same G transformation properties. One can write down

the effective operator

EijqihddeS, (4520)

which generates the 12 and 21 entries of the down Yukawa matrix with equal size
and opposite signs. Hence we can obtain both 8. and my at tree level with the
experimentally successful relation sin 8, ~ \/r—n%—s ;

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 V; and V,, but it may also induce a too big g — ey rate, Which will
be discussed later. The @, Q’i, D, D’ * are responsible for generating the oéerafcor
(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




additional X field, we can have the following extra interactions:
fesXesE, fes XUsL, fusXusU, fisXqsQ. (4.5.21)

They mix the third generation with the heavy SU(2)r(r) singlet generation. In
combination with €“¢rie;E, /M ¢rilsL, €' drru U, and €9 ¢7:q;Q, 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 — D mixing
constraints are very weak and hence easily satisfied. However, for the lepton sector
the constraint from the ;u'-—> ey rate requires the 2-3 mixing to be no bigger than
O(1073), while the naive expectation of 2-3 mixing in this model is of the order V.
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 quari( sector, in addii:ion to the usual interactions,
Wy = Aizqshads + AaaQhaD
+ f195Q b1i + f20:Q°S + foa€” ¢.Qr;
+ furdsDi¢ri + fuudiD'S + faze?d; Dr;.
+ MpDD + Mp,D'D; + MaQQ + Mo, Q'Q;, (4.5.22)

which give the tree level b and s quark masses and 1-3 D term mixing, we have the

following interactions as well,

Wé = fq5Q3QX + fdsdaDX
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+ f60:Q" X + faedi D' X

+ Aas€? QihaD; + )\dGGijQith;'

+ Mp D" Dl + Mg Q" Q. (4.5.23)
As we have discussed before, the fgs, fss couplings induce the 23 and 32 entries
of the Yukawa matrix and the 2-3 D term mixing, so that V; can be generated.
fa6s fas, Ads, Age together with f,2, fao couplings generate the operator (4.5.20),

which gives 8. and my4, and the successful relation sin 8, = y/mg/m;. 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 m, and me, V,; is also generated by radia-
tive corrections from the 3-1 mixing Wp,,,. The required size of Wp, ;, is much
smaller than that required for generating m, radiatively, so the phenomenological

-constraints are easier to satisfy as we have discussed in Sec. 4.3.

Looking at the Gy transformation properties of the fields, one can see that this
model can be embedded into the flipped SU(5) grand unified theory[64]: ¢ and d
(and the not discussed right-handed neutrino n) belong to the 10 representation of
flipped SU(5), u and £ belong to the 5 and e is a singlet 1 under flipped SU(5).
SU(2)r is a flavor gfoup for the 10’s and SU(2)F is a flavor group for the 5’s. In
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Table 4.4, the e’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)r.

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 ¢ and d but not the lepton
sector. Then the y-7 mixing and hence the troublesome p — ey 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 m., m, and Vs
are élso consistent: radiative V,,;, does not need a big Wp,,, (~ 1072), then Wuga
has to be quite big (R 107") for generating m,; but so is its flipped SU(5) partner
Wg, 4, for generating m.. On the other hand, Ay, Ap, and Ag are independeﬁt
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

“If flipped SU(5) were not broken, the tree level 12 and 21 entries of the down quark mass
matrix would not be generated, because €'/ 10;10;h4X S vanishes. However, since the flipped

SU(5) is broken, ¢’s and d’s can have different mixings so that € ¢;d; hgX S 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 supe?potential 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 FCNC 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 u¢ — e. The
large selectron-stau mixing also gives rise to a significant rate for 7 — ey 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 m, and V,;; can bé
generated by radiative corrections, while radiatively generating any of mg, 8., and
Vi requires heavy scalar masses (~ 1TeV). Further, it is very difficult to generate
my, 0., and V,; together radiatively unless the scalar masses are between 2 and 20
TeV, which we view as unacceptably high. VThese constrainté cause the principle

difficulties in constructing a model of quark flavor with radiative masses.

We introduced a lepton model with flavor group SU(2), x SU(2) x U(1)4
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/(1672). Further, muon number
is conserved so that the dangerous rate for u — ey 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
model, all first generation fermion masses come from radiative corrections, and there
are also tree level contributions to 8. and V,; as required by the FCNC constraints.
First generation fermions are guaranteed to be massless at tree level by requiring
the “big”‘ Yukawa matrices of the full theory té be rank 2. Requiring a tree level 8,
and V,; forces us to add another heavy left-handed quark Q’ and its conjugate @,

and another pair of SU(2);, flavor symmetry breaking fields ¢;,. Muon number is
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still conserved as é 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 my and B— B mixing are only compatible for
very heavy scalar masses, we also constructed a second model in which m, and m,
come from radiative corrections but my and 8, arise at tree level with the successful
relation sin 6, = W. The dangerous p — e~ 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 quark sector.

Let us return to (3.5.7) and consider the effect of including the (¢5¢e)s: term.
In general the scaling from Mpy to Mg will generate a C;;CE not diagonal in the
same basis as ALz, so we expect some non-zero (¢5¢z)si. From the RGE for ¢,

neglecting gauge couplings,
d .
%8 = ¢e[BALAE + Tr(3ALAp + ALag)] + As[4akce + Tr(6¢pAl + 2¢ceal)]. (A.1)
We have

d
gt-(cfch) = 5[cheeabae + Abasches] + 2 Tr(3abap + Abag)chee

+8¢tapakce + (¢hag + ALce) Tr(6¢oAl, + 2¢eAk). (A.2)

Then, to first order in the off diagonal parts of C;_;CE and CEC};, and keeping only

third generation Yukawa couplings we have

d
E{(C}:‘;CE)&' = (¢5¢e)a[1TA2 + 62 + 6,0, ], (A.3)
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where 7 = g—%ﬁ Because of the large numerical coefficient in front of A2, A? in the
33

above equation, (CI;CE‘)gi is driven to zero more rapidly than Wps;, after which it

ceases to have any effect on the running of Wi3;. More explicitly, from (3.5.7) we

have that

£ (mE(1)eh® 4O) = 3(¢hp)ui( )k 4%, (44)

Solving (A.3) for (¢L¢z)si(t) and inserting into (A.4) we get

i (m%?,-(t) e ING dtui(t')) — 2(42 ¢e)ai(Mg)e” [5G at'[16X2+6)2 +6nap1c](t) (A.5)
dt : ' ’ ’

Integrating (A.5), we find
1 t ; ,
3o (Ms)e™ +miy(Mg) =2 [ dte™ i HUSHToI)
x (¢h¢e)si(Me)

= 6(¢k¢r)si( M) | (A6)

So, we have

m}a(Ms) = e [m}3 (M) — 6(¢h¢e)(Mo)]. (A7)

We expect m; and (¢L¢g),; to be related by some combination of Clebsches z at

Mg as follows:

2

A
(¢E¢r)si = —Samiy (A8)
0

Where Ao, m? are the universal A parameter and scalar mass at Mpr, respectively.
Then, we have from (A.7)

_1, Am?(Mg)

A? +
Am2(Ms) 1+ 6g%x]WL33WL3£(MG). (A.9)

W£33WL32’(MS) =€
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Clearly if 6;—‘5-1 < 1, inclusion of the (¢L¢g)s: term in (3.5.7) does not change
any of our results. If 5:—;5-313 ~ 1 or > 1, we can still of course use (A.9), but the

suppression effect may disappear. A simple estimate shows, however, that 6 itself is

1

2
15> and so we are only in trouble if i—%x is big. To see this, replace
0

already small ~

A,, A and 7 by some average values ),, A, and 77 in the expression (A.6) for §. Then,

LI Pl e e <
§ =9 / 1or? U M5 —t(16)2+632+68,3e7)
0

1 il %(1632+6?\2+6ﬁ7\b7\r)}
— _ _ — T6x M T b . A.].O
8AZ + 3(AZ + TAs ) [e ) o
So,
1

(A.11)

181 < 8AZ + 3(AZ + A As).

For the \’s between 0.5 and 1, and 7 ~ 1, |6| ranges from 3 to .

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 a,ffect 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. ALAg is diagonal does not change. Next, the soft trilinear terms, hav-
ing rﬁass dimension one, caﬁ only be affected by other trilinear terms and Yukawa
couplings. Again in the lepton sector this means that e.g. ¢L¢z tries to align itself
with ALAg. Finally, the scalar mass, having dimension two, are affected by every-
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thing: m? tries to align with A*E,\E, but suffers interference from CJ{JCE, unless CLCE
1s diagonal in the same basis as A};AE. Even if c;fgcg is not diagonal in the same
basis as ALAg, it is trying to align itself with ALAg, so m? will still tend to alignl
with ALAg.

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 Ag, with which the soft matrices aligned. In the quark sector, we have
both Ay and Ap, and ,\U,\;fj, ,\D)\TD are misaligned (Vxkm # 1). This complicates
the analysis for Wy, , Wp, so we discuss them last. Let us now examine the scaling
of Wy, Wpp. (Throughout the following, we assume degeneracy between first two
generation scalar masses, we neglect 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 as we did above
in the lepton sector.)

First, we show that the basis in which A;Ay is diagonal remains fixed. The
RGE for ATU)\U is

. 16

13
Lo = 6(Ahav) 2 +2a ApAbau+2(3 Tr AUAU—?Q§-3Q§— 1

9 AGAY. (A.12)

—A
dt
Working in a basis where Al,Ay is diagonal, let us see ifv%)\;rjz\u has off-diagonal

components. We have, (recalling that in this basis AbAp = Viemr A3 Vi),
d 1 5 VX
EZ(’\U’\U)i;Zj = 2Au Ve MApVEmAv )ij
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= 2Au; VKM,-gizpl ng My XUj
=0fore,7 #3 (A.13)

since we neglect all Yukawa’s except the third generation. Similarly, the basis in
which AbAp is diagonal does not change. Thus, the discussion for the scaling of

Wy, Wp, is completely analogous to that in the lepton sector, and we find

o AmZ (M,

W Wi, (Ms) = 728 Amg_——EMgWUm‘ W .. (Mg), (A.14)
_ Am2 MG

WDRsi ngms(Ms) —e 2Ib_ATn%]\TS_§WDR‘u ng(MG) | (AIS)

We now turn to Wy, Wg,. Let Vjj, (t) be the matrix diagonalizing AUAL(2):
AL () = V5, (RGO VE] (1) (A.16)

In the superfield basis in which '\U}‘L‘ is diagonal, the squark mass matrix is M%3; =

V{,m%Vy,. Note as before that M3y, = (W MEWy, )s = Wy, W

2
Upas AmQ, 50

we are interested in £y, Now,

d_, d . d . d . d
;ﬁmg - EZ(VJLmZQ Vo) = (dtv )mg Vu, + VJL%mg Vo, + V!, m% 7V

[“2* vi & m3Vy, . (A.17)

d
0.3 VUL} + Vi, =

Vi gy
The second term is the analogue of what we have already seen in the lepton and

right-handed quark sector; using the RGE for m% we find to leading order
vi 4 mzn A2+ N2 A.18
UL g ™Q VUL . = (A} 4 )My, (A.18)
Now, VJL%VUL is obtained from the RGE for /\U,\{,. Actually, note that

d d - d _
|48 ( ,\U,\U) W, = [V,}‘L%VUL,,\%] + thU, (A.19)
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.

(A

so that only [VU % Vi, ,A}] is determined. (This is a reflection of the fact that
Vy, is not unique: let X () be any unitary transformation leaving M} () invariant:
i, (t) = X1(¢)mg () X (2). In oﬁr case, X(t) is most generally a U(2) matrix in the
first two generation subspace. Then, if V{7, diagonalizes rn , so does V7, X. Under
this change, VJL%VUL is not invariant, but {VUL S Vu,, A% s invariant). Further,
since we neglect first two generations Yukawa eigenvalues, [VJLZ.%VUU A3)i; = 0 for
i,j = 1,2, and only [V{} £Vi,, 3]s = (:F)/\2VUL dtVUL (e, 15 determined, and we

can choose all other components of VUTL%VUL to vanish. From the RGE for /\UA{,,

d 16 , 13
E('\U«\If) = 6(AvAl)? + 2(3 Tr ApAl, — 3 =95 — 3¢5 — 1591)>\UAU
+ {AvAl, ApAb 1, (A.20)
we find
d 32 32 y/1
VUL( 7 AvA) = {Ap, VeMAp Viar Jai
3
= AP Viemss Viaais (A.21)
and thus
d
(VJLEZVUL&-) = AV e Vicaras. (A.22)
Thus to leading order
d
Vi md W, Vi EZVUL]3” = Amd A} Vi prs:iVieasas, (A.23)

and finally we have

(WUL:“ WULaaAmQ) (AZ + Az)WULs, WULsaAmQ + A VK M3ZVK 33AmQ (A 24)
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Similarly we find
d
d—t(WDmi WgLsa Am??) = (’\? + Az)WDLai ngm A7772Q + ’\f VII’MS:‘VKM%Amé' (A‘25)

We can formally solve the above equa,tioﬂs, e.g.

(Itﬁbﬁta X 'vfmw—ﬁﬂ) Amg(Mg)

? U H
WULSi WULae. (MS ) =¢€ et W

WULBt UL33 (MG)
(A.26)

and, to a good approximation, given that Wy, ,, does not scale very significantly,

we can replace

1
f di IA2 VAM31V5M33 ~ I VKM3zVKM33(MG). (A27)
Wy L3i WUL33 Wy L3i WUL33

So, an approximate solution of the RGE for Wy, , Wp, is

N A 1+M(MG)>) A
+ ( ( Wy ,W s m (Mc;)
WUL?»*' WULas(MS) ~e L e Am%)(M )

WDLS: WUL33 (MG)7
(A4.28)

and similarly

1+_1:..MW g,wxMas.(M ))) Amé(Mg)

(Ib+1: (
WDL3,~ Wlf)z,aa (Ms) ~e Y3 "ULa3 WWD“{W&L% (MG).

(A-29)

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 ApAl; and ApAl, are diagonal change with scale. For moderate tan 8,

however, we expect that the basis in which Ay}, 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 eénd 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 K zeros.
There are D-flat directions in field space where the right and left handed lepton fields
and the down type Higgs are nonzero. If we restrict ourselves to the K massless
generations, there are no quartic terms in the potential along the D-flat directions;
all we have are the cubic A terms and the scalar masses. But, if thé A terms are
non-zero in the K x K 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 K x K block of the K massless generations. This constraint is in itself
quite powerful. For instance,vif K = 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 K = 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 A;3, As; zero for either 1 = 1 or ¢ = 2. Now, the
potential is no longer unbounded below, but there is still a local minimum along
the D-flat 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 —3M%v?. For scalars
much heavier than {M. zv)% = 150 GeV, we can approximate this requirement by
demanding that the electric cha;ge 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:
1
§(]Assl + Az + |Aisl) S Aam. (B.1)

There are corrections to this inequality due to the fact that the true vacuum energy
is not zero but —1MZv?; still assuming m X 150 GeV the correction takes the form:

1 1 M
§(|A33| + Az + |Assl) S Asm(l + = —2-

The 2 )- (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 As; 13, As223 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 possibility 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 7 — u~.
Moving on to the quark sector, we have four cases to consider:

(1) mg from scalar masses and m; from A terms: In the mass insertion approx-
imation, assuming for simplicity that all scalars are degenerate with mass m, we

have in the large tang limit

ms pM; | (A35v4) (A327)d)
—_— = B.3
™me 187r( m? m? ™m?2 (B.3)
From equation (B.1), however, we must have that (—zfgv—d) Sk so
T <2 % 10—3(” ) (B.A)
my

which, even for m=100GeV, gives too small a value for m, by a factor of ~ 100.

(2) mq from A terms and m, from scalar masses: The same argument as in case
(1) suggests that the generated mass for m, 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

ms, together with the A terms responsible for my, gives unacceptable contributions
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to K — K mixing, and, if there are CP-violating phases, even more unacceptable
contributions to e.

-(3) m, from scalar masses and m, from A terms: The general problem with
the up sector is that m. seems to be too heavy to be radiative. In the case we are

considering, we find analogously to equation (B.4)
m
—52x1073 B.5
Ze 52 x 104 (22 (B.5)

and so to generate large enough m,. we must again have fairly light squarks.

(4) m,, from A terms and m, 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)

me _ 2013 A%,
my 31 M;

WUL31 WU331 WULSSWURSL’»I ( ) (B -6)

The maximium value of Wy, ,, Wy, Wu, 3. W3, consistent with the unitarity of

the W matrices is 41. Then, we have

A%
C< -34433
m, S0 X 1075 I(Mz)

(B.7)
Recalling that J(1) = 1, 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 & — sv 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 (2t)? from (B.1).

We find

] V ‘
peot ) LTy (BS)

T $2 10-5(%2)(1 +

My

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
K — K mixing and e.

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 desi.red 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:!

2

AME™ = o it fhma{(54)1.[-66/s(z) — 24 ilo)]
+ (6%3)kal—667s(c) — 242 f5()]
+ (64522 (655) rrl—12f6(z) — 4562 fo(z)]
+ (6)1 pl1322 fo(2)] + (61) e [1322 fo(2)]
+ (813)2r(6%)re 228 fo(2)}, (€.1)
where,
fe(z) = 6—(1—1_—36—)3(—61” —18zlnz — 2° + 92% + 9z — 17),
folz) = 3—(1—5-5-( —62°Inz — 6zlnz + 2> + 92° — 9z — 1) (C.2)

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} dm2
z= Mz’ (68)rL = A;EbL
g

, and so on.

Demanding that each term is no bigger than the experimental value of AMp gives
the constraints on &% 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 Af; should be. In this appehdix,
we will convert the constraints on §;; into constraints on the mixing matrix elements
W;; 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,). 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 mg3). 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

[

parameters 3 and y = —+. For example, the first term in (C.1) becomes
3

2

2 f2m (WDm(mf"m”) (—6672(y) + 24£(v)]

216M2 ™2
2
ngMz Z Fams(W, )y — 1)2[~66s(y) + 24fo(v)]. (©3)

Demanding it to be smaller the AMEXF gives the constraint on Wp, ,,,

VReWo ] < o2 JEMB i esiu) + 2 E (C4)




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 K — K mixing, Am%L( RR),, Cal have two contributions. One comes from
the éplitting between the first two generation scalar masses, Wp, ., 21(m§ — m3).
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 Mj is. The other comes from the large splitting of the third generation scalar
mass, Wp, . Wb g 5,(m3 —m3). This part can be treated in the same way as in
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 [m; (A4 + gtan 8)]2. For our purpose, we always work
in the large tan § scenario. Hence the ‘corresponding constraints scale as -ﬁﬁ—ﬁ—,
versus mg in the case of chirality-conserving terms. The results are listed in Table
C.1(b) for Amg and Table C.1(c) for e. The € parameter could put constraints on
| Im WDL(R);2WDL(R)31] and {Im WDL(R)32WDR(L)3II' The first one is weaker than the
constraints from other places, the second one is enhanced by tan 8 and is listed in

Table C.1(d). The numbers are obtained by requiring its contribution to €’ smaller

than 3 x 107 3¢.

The mixing matrix elements Wbyn 5y 2T€ constrained by the b — sv decay.
The b — sv branching ratio has been measured to be (2.32£0.57 £ 0.35) x 10~* by
CLEO [68], which is consistent with the Standard Model prediction (2.8 &+ 0.8) x

107[69]. In supersymmetric models there are many other contributions. The gluino
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diagram contributions depend on the mixing matrix elements Wp, . so they can
be used to constrain Wp L(R)32" Unlike other contributions, the gluino diagrams give
significant contributions to both 5,0*'bgF),, and 5go* by F,, operators. The' former
can interfere constructively or destructively with other contributions and the latter
does lnot. In Table C.1(e) we list the constraints on Wp, 5, and Wp,,, by requiring
that each gluino diagram alone does not exceed the Standard Model contribution.

The up mixing matrices Wy’s are constrained by D — D mixing, and the results
are shown in Table C.1(f).

In the lepton sector, the most stringent constraints come from y — ey decay.
In the large tan § 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-
perifnental limit, B(p — ey) < 4.9x1071[54] give constraints on Wg, . WEp,,  ,
which are shown in Table C.1(g). Because we are interested in generating m. by
radiative corrections which requires sizable mixing between the first and the third
generations, Wg, , ., the 7 — pvy decay does not give stronger constraints on

We, r, 1 than those from the y — ey decay.
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Table C.1

(a) Ampg
VY | VIReWb, 3% | VIReWp, 31 Wpal
2 1.0 x 1071 3.1 %1072
3 6.5 x 1072 2.4 x 1072
5 | 4.9x1072 2.0 x 1072
(b) Amg
Vi | VIR0, 5%, 517 | VIReWD, 50, 51 WorgoWomsal | VRE WD, 52Woman) 2l
2 4.7 x 1072 5.6 x 1073 7.4 x 1072
3 3.0 x 1072 4.2 x 1072 4.7 x 1072
5 2.2 x 10-2 36x 107 3.7 x 102
(c) €
VI | VoW, 5, W0, 307 | VI, 5,705 Wr5aWorsal | VW2 5WDran )l
2 3.7x1073 4.6 x 107* 6.0 x 10~3
3 2.4 x 1073 3.4 x 1074 3.8 x 1073
5 1.8 x 1073 2.9 x 10™* 3.0 x 1073
(d) €
VY | ImWp, 3,Wp s, [#
2 1.4 x 1073
3 7.7 x 1074
5 5.4 x 107*
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(e) b — sv

VI | Wby sl#

2 |6.9x1072

3 |53x1072

5 | 4.7 >< 10-2

(f) Amp

VI | VIR W, 5;W0, 307 | +/TReWer, 55 W0, 51 WonasWonsal | v/ TReWor,55Woman)?]
2 9.5 x 10~2 3.0 x 1072 | 3.9 x 1071
3 6.3 x 10~2 2.3 x 1072 2.5 x 1071
5 4.7 x 1072 1.9 x 1072 2.0 x 1071

(g) p— ey

VY IWE:.;zWEz.sﬂ# IWeL 3, WErs: [*

2 24 x 1078 22 %104

3 1.8 x 1073 - 1.3 x 10™*

) 1.6 x 1073 1.0 x 1074

Table C.1: Constraints on the fermion-sfermion flavor mixing matrix elements.

The reference values are taken as: m3 = M, = 500 GeV, g = 500 GeV, tan 8 = 60,

and /Yy = gf;- Same constraints also apply for L «— R. The ones with # scale as

(s )3(5002;ev)(t:3 ), the one with @ scales as (good7)* (2222 ), others scale as

3
500GeV
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