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The gauge interactions of any supersymmetric extension of the standard meodel involve new
flavor mixing matrices. The assumptions involved in the construction of minimal supersymmetric
models, both SU(8)xSU(2)xU(1) and grand unified theories, force a large degree of triviality on
these matrices, However, the requirement of realistic quark and lepton masses in supersymmetric
grand usified theories forces these matrices to be nontrivial. This leads to 1mportant new dominant
contributions to the neutron electric dipole moment and to the decay mode p — K%:*, and suggests

. that there may be important weak scale radiative corrections to the Yukawa coupling matrix of the up

~..quarks. The lepton flavor-violating signal 2 — e is studied in these theories when tang is sufficiently
large that radiative effects of couplings other than A, must be included. The naive expectation that
large tang will force sleptons to unacceptably large masses is not borne out: radiative suppressions to
the leptonic flavor mixing angles allow regions where the sleptons are as light as 300 GeV, provided
the top Yukawa coupling in the unified theory is near the minimal value consistent with m,.

. PACS number(s): 12.10.Dm, 12.60.Jv, 13.35.Bv, 14.80.Cy

I. INTRODUCTION

- It has recently been demonstrated that flavor and CP
violation provide an important new probe of supersym-
metric grand unified theories [1-4]. These new signals,
such as g — ey and the electron electric dipole moment
de, are complementary to the classic tests of proton de-
cay, neutrino masses, and quark and charged lepton mass
relations. The classic tests are very dependent on the
flavor interactions and symmetry-breaking sector. of the
unified model: It is only too easy to construct models in
which these signals are absent or unobservable. However,
they are insensitive to.the hardness scale Ag of super-
symmetry 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 symme-
try breaking, but are absent if the hardness scale Ag falls
beneath the unified scale Mg. The signals are generated
by the unified flavor interactions leaving an imprint on
the form of the soft supersymmetry- (SUSY-)breaking
operators [5], which is only possible if supersymmetry
breakmg is present in the umﬁed theory at scales above
Mg.

The flavor- and CP-violating signals have been com-
puted in the minimal SU(5) and SO(10) meodels for lep-
tonic [1-3] and hadronic processes [4] for moderate values
of tang, the ratio of the two Higgs vacuum expecta.tmn
values (VEV’s). While rare muon decays provide an im-
portant probe of SU(5), it is the SO(10) theory which

LThis is the highest scale at which supersymmetry-breaking
squark and gluino masses appear in the theory as local
interactions.
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is most powerfully tested. If the hardness scale for su-
persymmetry breaking is large enough, as in the popular
supergravity models, it may be possible for the minimal

'SO(10) theory to be probed throughout the interesting

range of superpartner masses by searches for y¢ — ey and
de. o

The flavor-changing and CP-violating probes of
SO(10) are sufficiently powerful to warrant an explo-
ration of consequences for nonminimal models, which is
the subject of this paper. In particular, we study SO(10)
theories in which the following conditions hold.,

(I The Yukawa interactions are nonminimal. In the
minimal model the quarks and leptons lie in three 16’s
and the two Higps 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 16Ay16 10y + 16Ap16 10p. This model
is a useful fiction: It is very simple to work with, but

" leads to the mass relation m./m, = ma/m,, 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 assime that at the unification scale Mg some

of the Yukawa interactions arise from higher dimensional
operators involving fields A which break the S0(10) sym-
metry 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 generahzatlon of
the minimal model as a necessity.

(II) The ratio of electroweak VEV’s, tanf = vy /vp,
is allowed to be large, =~ my/myp. This is certainly not a
necessity; on the contrary, a simple extrapolation of the
results of [2] to such large values of tanf suggests that it
is already excluded by the present limit on g — evy. The
case of large tan3 in SO(10) has received much attention
[6-9] partly because it has important ramifications for
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the origin of m;/mp = (A¢/As)tanB. To what extent is
this puzzling large ratio to be understood as a large hier-
archy of Yukawa couplings and to what extent in terms
of a large value for tan8? If the third generation masses
arise from a single interaction of the form 16516310, it
is possible to predict m; using m; and m, as input [6],
providing the theory is perturbative up to Mg. The pre-
diction is 175+ 10 GeV [7] and requires tan 3 = m./my.
In this paper we investigate whether this intriguing pos-
sibility is excluded by the u — ey signal, or, more cor-
rectly, we determine whether it requires a soft origin for
supersymmetry breaking, making it incompatible with
the standard supergravity scenario [10].

In the next section we show that SO(10) models with
A = A(A) possess new gaugino mixing matrices in the
up-quark sector, which did not arise in the minimal mod-
els. In Sec. ITI we set our notation for the supersym-
metric standard model with arbitrary gauginoe mixing
matrices and we show which mixing matrices are ex-
pected from unified models according to the gauge group
and the value of tan3. In Sec. IV we describe the new
phenomenological signatures which are generated by the
gaugino mixing matrices in the up sector; these signa-
tures are generic to all models with Yukawa interactions
generated from higher dimensional operators. The con-
sequences of large tanB for the flavor and C P-violating
signatures are analyzed analytically in Sec. V and numer-
ically in Sec. VI. The analysis of the first five sections ap-
plies to a wide class of models. In Sec. VII we illustrate
the results in the particular models introduced by An-
derson et al. [9]. As well as providing illustrations, these
models have features unique to themselves. Conclusions
are drawn in Sec. VIIIL

II. NEW FLAVOR MIXING IN THE UP SECTOR

In [1-4] flaver- and C'P-violating signals are studied in
minimal SU(5) and SO(10) models with moderate tang.
In these models the radiative corrections to the scalar
mass matrices are dominated by the top quark Yukawa
coupling A, of the unified theory, and so the scalar mass
matrices tend to align with the up-type Yukawa cou-
pling matrix and all nontrivial flavor mixing matrices are
simply related to the Kobayashi-Maskawa (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 nonrenormalizable operators

A Ay A
X162 =... 2210
UMM, M,

Ar A,
LT S
My M, 8,

(2.1}

where the 16;’s contain the three low energy families, 10
contains the Higgs doublets, and A’s are adjoint fields
with vacuum expectation values (VEV’s) which break the
SO(10) gauge group. After substituting in the VEV’s
of the adjoints, they become the usual Yukawa inter-
actions with different Clebsch factors associated with
Yukawa couplings of fields with different quantum num-
bers. For example, in the models introduced by Ander-
son, Dimopoulos, Hall, Raby, and Starkman [9] (ADHRS
models),

0 zC 0 0 zC C 0 zC 0
Av=| 2,C yuF 2B |, Ap=1 2z, aE 24B |, Ag=| 2.C y.E x.B |, (2.2)
0 =B A 0 4B A 0 xzB A

where x,y, z 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 (2.1) the following soft supersymmetry-
breaking operators are generated:

M (AymE ()N (4) 8l 5,

where ¢;, ¢; are scalar components of the superfields and
Ai;{A) are adjoint dependent couplings,
A A4
= )Nk, On
AA4) = A ARTA

After the adjoints take their VEV’s, the m%;(A4) become
the usual soft scalar masses. If we ignore the wave func-
tion renormalization of the adjoint fields (which is valid

(2.3)

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 op-
erators as the usual Yukawa interactions and scalar mass
operators. This is a convenient way of thinking, and we
will use it in the rest of the paper.

Above the grand unified theory (GUT) scale, in addi-
tion to the Yukawa interactions which give the fermion
masses

QAyU°Hy, QApD°Hp, E‘AgLHp,
the operators (2.1) also lead to

(2.4)

QAQHy,, E°A,U°Hy,, NAuD°Hy,,

QAgLHp,, U°AqD°Hp,,NA,LHy, (2.5)
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where Hy,, Hp, are the triplet partners of the two Higgs
doublets Hyy and Hp. Each Yukawa matrix has different
Clebsch factors associated with its elements, and so they
cannot be diagonalized in the same basis. The scalar
mass matrices receive radiative corrections from Yukawa.
interactions of both (2.4) and (2.5), which, in the one-
loop approximation, take the form

Am o Al + ApAL + 22 AL + Mgl
Am¥ o< 2AL Ay + Al ey + 22,000,

Amd o ZALAD + ¢\Ildl\nd + ZALdAud,
Amj o AbAg + AT A0 + AL A,

Am% o 2AgAL + 3, AL, (2.6)

In the minimal SO(10) model, scalar mass renormaliza-
tions above Mg arise from a single matrix Ay. It is
therefore possible to choose a “I/ basis” in which the
scalings are purely diagonal. This is clearly not possi-
ble in the general models. All scalar mass matrices and
Yukawa matrices are in general diagonalized in different
bases. 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
[1-4]). The up-type quark-squark-gaugine favor mixing
is a novel feature of the general models. Its consequences
will be discussed in Sec. IV. Also, the flavor mixing ma-
trices 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.

III. FLAVOR MIXING MATRICES IN GENERAL
SUPERSYMMETRIC STANDARD MODELS

In this section we set our notation for the gaugino fla-
vor 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 sneu-
trinos:

md = ( m;&. (C]y + Ay pcot flvy ) ,
(€L + Apucot vy mE
m2, = (m?h (C’rD + Aputanf)vp )
\ (b +AputanBlvp m}_ /’
i< (e i)
(g + AgptanB)vp my,

m?Z = (mf,_,j), (3.1)

Q'm%Q + Utmf ¢ + Dtmd D° + i}’fmif, + Etm%B B+ QT ¢, U°Hy + Q¥ ¢ pD°Hp + ET¢ g LHD.

{2) g (b)
)

FIG. 1. Feynman diagrams contributing to u — ey,

where mf, , m%,_, m}_, m},_, m} , m}_are 3x3 soft
SUSY-breaking mass matrices for the left-handed and
right-handed squarks and sleptons, and {y, p, {p are
the trilinear soft SUSY-breaking terms. To calculate
flavor-violating processes, such as g — e, one can diag-
onalize the mass matrix m% by the 6x6 unitary rotation
matrix Vg and m2 by the 3 x 3 unitary rotation V,:
m}, = Vpimi Vi, m? =V, m2v}, (3.2)

where %, m?Z are diagonal. The amplitude for ;& — ey
is given by the digrams in Fig. 1, summing up all the
internal scalar mass eigenstates. _

If the entries in the scalar mass matrices are arbitrary,
they generally give unacceptably 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 Aa. In
this paper we treat the chirality-conserving mass matrices
and chirality-changing mass matrices separately; i.e., the
mass eigenstates are assumed to be purely left handed
or 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. VI. The superpotential
contains

W D QTAgUHy + QTApD°Hp + ETAgLHp, (3.3)

where Ay,Ap,Ag are the Yukawa coupling matrices
which are diagonalized by the left and right rotations:

Av = Vg, AoV,
Ap =V ApV)
Agp = V}:"RXEVE.I;‘L' (3.4)

The soft SUSY-breaking interactions contain

(3.5)

Because the trilinear terms should be approximately proportional to the Yukawa couplings, we write
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TABLE I. Summary table for the flavor mixing matrices: dm3, important effects due to some
third generation scalars not degenerate with those of first two generations; dm%, non-negligible
effects due to nondegeneracy of the scalars, of the first two generations; W;, fermion i and scalar 7 -
are rotated differently to get to mass basis; 4/, present for any value of tanf3; e, present only for large
tan; o, present for large tan3, but model dependent for moderate tan3; —, not present; *, although
present, its effect for moderate tanB on flavor vielation is small due to the small nondegeneracy
among different generation scalars.

SU(5) SO(_lO)
‘MSSM Minimal General Minimal General
o v v v v v
Wui . . Vv . v
Wo, Y v v v v
Wup - ] J . .‘/
Wpp - - \/ i \/ ‘\/
We, - - Vv v v
Wer - v v v v

¢=Co+ AL = AN+ AL

The soft-breaking mass matrices are diagonalized by

m% = U3 U}, mf =UymiUf, m} = UpmbU}, |

m? = UpmiU}, m¥ = UpmB U},

A¢y = Vi AZu Vil Alp = Vi, LoV, As = Vil AlsVyl.

In the mass eigenstate basis, the rotation matrices V,U appear in the gaugino couplings:

where? the neutralino and chargino mass eigenstates are related to the gauge eigenstates by, e.g., BE

4

Ly=v2g' N [-LeLWh ELNu(H, 5 + cot Oy Hni,) + 85 W ErNoH, 5 + § cot O 91,51 N Hpig

a=1
AL W GLNa(LH, 5 + § cot Ow Hpisy) + deWh di N (3H, 5 = % cot O Hoi,)
—2ay Wi @rN.H,5+ 3dsW} daN,H, 5 +He]

+9 S (LW, o (xeKea) + Pren (LK) + AW, in (XK os) + T W, dr(xdK25) + e

e=1
+V2gs[ar W g+ doWh dig+ agWi g + dsW}_dri+Hel,

4

" 4 - 2
wgy = Enzl Hﬂ'ﬁan! wt = 2(::1 KcﬁXci and

Wi, = UlVe,, Wee = ULVee, Wy, = ULVu,, Wp, =ULVp,,

Wu, = Ui Ve, Wpy = ULVo,.

There are also nondiagonal chirality-changing mass terms:

ZNeutrino masses are not discussed here, and we choose the neutrino to be in the sneutrino mass eigenstate basis.

28 = LWy (Ag + ptan B)AsW} érvp + ESUEALULérvp
+dI W, (Ap + utan B)ApW drvp + dfUS A pUpdryp
+AL W, (Au + peot B) AW _drvy + aLUS AL Upiipuy + Hee.

n=1

(3.7)

(3.8)

(3.9)

HnﬁNn1

(3.10)
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The lepton flavor-violating couplings are summarized in
Fig. 2.

In the rest of this section we discuss the flavor mixing
matrices in the minimal supersymmetric standard model
and minimal and general SU(5) and SO(10) models, with
moderate or large tan(. The results are summarized in
Table L

For the minimal supersymmetric standard model
(MSS8M), the radiative corrections to the soft masses only
come from the Yukawa interactions of the MSSM:

Am} « AU,\B + wApAL,
Am% « 225 Ay,

Am? o 225 Ap,

Ami o« ALAg,

Am} o« 2AgAL. (3.11)

We have assumed a boundary condition on the scalar
mass matrices mi oc I at Mp), and & # 1 represents the
possibility that the proportionality constants are not uni-
versal. For moderate tan8, A; 3> Ay 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 tan3, ) and A, are comparable, and so
m2 will lie between Ay}, and ApAlL,. Therefore both
Wy, and Wp, are nontrivial.

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

Am} o SApA]; + 26ApAL,
Am oc 3AL Ay + 225 p,
Am? o 425 p,
Am? « 4AbAp,
Am% « 3AgAl; 4+ 26Ap AL (3.12)

For moderate tanf3, A; > As, we have nontrivial mixings
for Wp, and Wg,, as found in [1,2]. For large tanf3, Ap
cannot be ignored, giving nontrivial mixings for Wy, and
Wup.-

For the minimal SO(10) model considered in [2,3],

@) () 1 @ 1
I ] 1
— L — L et e
L3 Ny €L No ejr Xe
"\ﬁg’HnBWE‘R., —%\/ﬁg'(}["‘g + cot BWH’%%)WE-:LU innBK:,;,WE“‘_
d) . e
@ e
&1, éin éi1, &

—i(Ag + ptan §)(Wz, SW, Jijon H(UEASEUL)ivp

FIG. 2. Lepton flavor-violating couplings in general super-
symmetric standard models.

Am? o SBAgAl; + 5xApA),
Am? o 5A5 Ay + 55ALAp,
Am% o BAL Ay + 5xALAp,
Am} 51\{,.\[} + 5:«:)\};)1),

Am, « 5ApAl, + 5rApAl,. (3.13)

We have nontrivial mixings Wp,, Wp,, Wg,, and Wg,
for moderate tanB and nontrivial mixings for all W’s for
large tang.

For the general SU{5) or SO(10) models, defined in
the last section, we get nontrivial mixings for all mix-
ing matrices in general. However, in SU(5) models with
moderate tanf3, the splittings among m% and m?% are too
small [because they are generated by the small As(A4})] to
give significant flavor-changing effects.

One might expect that the mixings in the Wy's are
smaller than those in the Wp's because of the larger hi-
erarchy in Ay compared with Ap. However, a given W is
the product of a UT (which diagonalizes the scalar mass
matrix) and a V' (which diagonalizes the Yukawa matrix).
Even if the mixings in Vir's are smaller than those 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 matri-
ces appearing above the GUT scale, (2.5). The mixings
in UT and V can add up or cancel each other. Our only
general expectation is that these new Yukawa matrices
have similar hierarchical patterns as Ay or Ap. Without
a specific model, one can at most say that all nontrivial
W’s are expected to be comparable to Vi; the argu-
ment that the mixings in Wy’s should be smaller than in
Wp's is not valid.

In the minimal models at moderate tanB, the lead-
ing contributions to flavor-changing processes, such as
1 —3 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 the super-Glashow-Iliopoulos-
Maiani (GIM) mechanism [11]: The top Yukawa coupling
makes m; very different from mgs, mgz. At large tang,
the strange/muon Yukawa couplings get enhanced, and
so the splitting between mg and my 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 can-
cellation is between scalars of the first two generations
(2-1) and third generations {3-1):

AmZ (2-1) - Vear2 ~
Am2,(3-1) T VagVi,A? T

1077 for As = A,
680

(“‘—“E)2 for Ag = A,.
(3.14)

We can see that for large tang [or any tan8 with small
A, coming from the mixing of Higgs bosons at Mg, i.e.,
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As(Mg) = (tan 8/60)A2(Mg)], this could be compara-
ble to the flavor-violating effects from the large splitting
of the third generation scalar masses. However, for the
u — ey in 50(10) models, it does not contribute to di-
agrams which are proportional to m., (because it does
not involve the third generation scalars), the dominant
contributions are still those diagrams considered in [2].
For flavor-changing processes which do not need chiral-
ity flipping, such as K-K mixing and all flavor-changing
processes in SU(5) models, this nondegeneracy between
the first two generations is important. The above discus-
sion is summarized in Table I,

IV. PHENOMENOLOGY
FROM UP-TYPE MIXING

As discussed in the previous section, unlike the min-
imal models with moderate tang studied in [1-4], in
generic GUT’s (for any tan8) and even for minimal
GUT’s (at large tanf3), we expect mixing matrices in the
up sector. Having motivated an origin for nontrivial up
mixing matrices Wy, 7 1, we consider some effects
they produce. In the following we simply assume some
W, (n, at the weak scale and consider their phenomeno-
logical consequences. (See, however, Sec. V and the Ap-
pendix 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, contribu-
tions to the neutron electric dipole moment (EDM), and
the possibility of different dominant proton decay modes
than those expected from minimal models.

A, D-D mixing

To get an idea for the contribution of up-type mixing
matrices to D-D mixing, we follow [12,13] and employ
the mass insertion approximation. The bounds obtained
from D-D mixing on the 6 X 6 up-squark mass matrix

(in the basis where gluiro and Yukawa couplings are di-
agonal) are summarized in [13]. For average up-squark
mass of 2 = 1 TeV, they are :

2 2

m m
Urziz "“Urpiz < 0.04
Ex) ~ 5 o~ M y

(4.1)

m?

—km < 0.06. (4.2)
Consider first (4.1). In the last section we estimated
that the contribution to mi, from the slight nondegener-
acy between the first two generation scalars is generically
at most comparable to that from the nondegeneracy be-
tween 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

(Ac+ pcot G)my
-
N dup
5

I 1
-

uiL, g ujy,

FIG. 3. Corrections to the up-type quark mass matrix, pro-
portional to .

2
Maaiz| _
—AAR | Wy, W

Uasa |

< |WU.us WIT'AM |' (4'3)
‘We see that for W’s of the same size as the corresponding
KM matrix elements, the left-hand side (LHS) of (4.1)
is of order 4 x 104 and the bound is easily satisfied.
Turning to (4.2), note that if {yy = AAy, m}, . = 0.
However, we expect {yy = AAy+ACLy, with A{y induced
in running from Mp; to Mg having primarily a third
generation component in the gauge eigenstate basis. If
all relevant mixing matrix elements are of order the KM
matrix elements, we expect

Again, we see that the bound (4.2) is generically easily
satisfied, and thus we do not in general expect significant
contributions to D-D mixing.

2
MYy raa
h2

Am,
=0 (‘ﬁ—;mdms

Arn, /0y,
1/27

0.8 1/9

1/3
0.6

e / M

1
0.4

3
0.2 K\

0 2 1 6 8
g/ My

FIG. 4. Contours for Amu/my in the ma/Mz-m;/ms
plane, assuming mg, = ma; = mg, mi, = my, = my,
Wop,, = Wuyg,, = 35, (A+pcotf)/m; =3
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B. 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 pro-
portional to tang [7,8,14-16]. In general unified models

with nonzero Wy, there are also important weak-scale
corrections to the up quark mass matrix.

From the diagram in Fig. 3, we have a contribution
to up-type masses proportional to m;. We find, again
assuming degeneracy between the scalars of the first two

generations,

w8 [ A+ pcot ' '
Amd = 3 (—") ¥y (_______AMJ_"'_ﬁ) WULSiWU.RSj [h(mtmmta) = h(Tsy, Tup) — h(mummin) + h{®y,, Tug)ls (4‘4)
g

[~

)

(4.5)

T =

i 1 [zlnz ylay
Mgg, h(m’y)_:c—y[l—:c 1—y]'
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 Am,/m,, is 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. 4, we plot Am,, /m,, in ms/Mz—mz/my
space, where we have assumed ma, = ma, = ma, my, = my, = my, we have put [Wy,, | = |[Wug,,| = 1/30,
(A + pcot B)/m; = 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. .

C. Neutron EDM

If we attach a photon in all possible ways to the diagram giving the contribution to wu-quark mass, we get a
contribution to the u-quark EDM, which is proportional to m; for any value of tan3. Evaluating the diagram, we find

d* = e|F|sin ¢y, (4.8)

where

8 ra A+ pcot R = N x
F= ':'3" (""8') mt“#—ﬁWULsi Wlf'bsa WURSJ. WUR;;;, [G2 (mtz,:wtn) - Gz(a’tx,!w‘ua) - Gz(mtnawuL) + G(muz. ’ :B'H-R)]’

4 M; g
(4.7)
where
. 9(=) — g9(y) 1
Gz, y) = o=y g(z) = m[ﬂ’z —1-2zlna] (4.8)
and
Im[thULm W[}‘Las Wuga WI}Rss] = ithULm Wl’:'xas Wuga Wl’}nas | sin @,,. (4‘9)

In general, we expect a large nonzero sing,,. If the com-
bination of W’s appearing in the above is comparable to
the combination giving a down quark EDM, the u-quark
contribution will dominate over the d-quark contribu-
tion to the neutron EDM considered in [3] by a factor
my/4mptan B (the factor 4 comes from the quark model
result d, = 4/3dq—1/3d,). Hence the neutron EDM may
be competitive with ¢ — ey and d, as the most promising
favor-changing signal for supersymmetric unification.

D. Protor: decay

Finally, we turn briefly to the relevance of up-type mix-
ing matrices for proton decay, in particular to the impor-
tant 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 (1/2My)}(QQ)(QL) and (1/Myg)(EU)(DU)
in the superpotential. These operators must subse-
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quently be dressed at the weak scale in order to ob-
tain four-fermion operators leading to proton decay. The
dressing may be done with neutralinos, charginos, or
gluinos where possible. Since the dressed operator grows
with gauge couplings and vanishes for vanishing neu-
tralino/chargino/gluino mass, one might naively expect
gluino dressing to be most important. However, if the
up-type mixing matrices are trivial, gluino dressed op-
erators can only lead to proton decay with a neutrino
in the final state. To see this, we examine each oper-
ator separately: (euq)(dsutc)c™ (where a,b,c are color
indices) must involve u’s from two different generations
because of the €2*¢. One of them has to be a u, and
so the other is a ¢ or a ¢. If there is no up mixing,
the up flavor does not change in the dressing process,
and so the final state would have to contain a ¢ or a ¢,
Since my, m, > 1, this cannot happen. Next, consider
(QQNQL) = uLdb (u§er — d§vL)eqpnc- By exactly the
same argument as the above, the uLdLuLeLeabc opera-
tor cannot contribute to proton decay. Thus we see that
in the absence of mixing in the up sector, gluino dress-
ing can only give neutrinos in the final state. However,
the above arguments break down if up-mixing matrices
are nontrivial, since gluino dressed diagrams give a sig-
nificant contribution to the branching ratio for charged
lepton modes in proton decay. A detailed study of flavor
mixing in the up sector [17] concludes that, whether the

w-ino or gluino dressings are dominant, the muon final
state in proton decay is of greatly enhanced importance.
Without the mixings, one expects ['(p — K°ut)/T(p —
K+*p) 2 1073, The up mixing in general models increases
this by ~ 100 making the mode p - K%u* a favorable
one for discovery of proton decay.

V. LARGE tan 8: ANALYTIC TREATMENT

The large tand scenario is interesting for a number of
reasons. For moderate tanf3, the only way to understand
my 3> My, M. I8 to have A; 33 Ay, Ar at the weak scale.
This gives us little hope to attributing 2 common origin
for third generation Yukawa couplings at a higher scale.
However, for large tang ~ O(m;/m;), the weak scale
At; Ap, A are comparable and the above hope is restored.
[In fact, it is realized in SO(10) models like the ADHRS
example outlined in Sec. VIL] For us, this is sufficient
motivation to study the large tang case in more detail.
Also, this case was not studied in [2]. We shall see that
unexpected new features arise in the large tan@ limit.

The largest contribution to the g — ey amplitude
comes from the diagram with I-R scalar mass insertion
(Fig. 5). In the L-R insertion approximation, the ampli-
tude for py(p) decay is

* *
My WEL(RJsz WER(L)u WEL(R)33 WER(L) (AE + ptan ﬂ)

[G2(mr;,’m ) = Ga(m} L,m )—-Gz(m,.b,m )+G2(m1,’m B

Frmy = 4m cos? Oy
where
G2(m?) — Ga{mi)
2 2y _ 2 1 2\Tg
Ga{my,m3) = m% —m2 ’
m?
Gz(mz) — Z Hﬂ.B +COt9W.Hnw3)g (-—M-é') .

n=1

(5.1)

Note, however, that for large tanf the L-R insertion
approximation may be a bad one, since the chirality-
changing mass for the third generation becomes com-
parable to the chirality-conserving masses. A correct

FIG. 5. Diagram which gives the dominant contribution to
4 —r ey in the large tang limit. A photon is understood to be
attached to the diagram in all possible ways.

treatment will be used for the numerical analysis in the
next section. We still expect, however, the amplitude
to be proportional to Wg,, Wg,, because of the uni-
tarity of the mixing matrices: The sum of contribu-
tions from the first two generations is proportional to
Wh-Wl*j + WziW;j = —W;;,-Wg‘j for i # 7, and the contri-
bution from the third generation is itself proportional to
Wa, W3,

Two simplifications in the dependence of the g — ey
rate on parameter space occur for large tanf. First, since
the dominant diagram involves the L-R insertion (A +
tan@)m; and since tang is large, the amplitude does not
depend on the weak scale parameter A. Second, in the
large tanf limit, the chargino mass matrix is

My = ( \/EMA:ZCOSﬂ ﬁMZtSinﬁ)
- (g VR, 52

and the parameters My, have a direct interpretation
as the chargino masses. (Note that this assures us that
ptang will likely always be much bigger than A; for a
tanf of 50, the lower bound at the CERN ete™ collider
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LEP on chargino mass of 45 GeV tells us that ptan8 > 2
TeV, and so for A to be comparable to utang we must
have A > 2 TeV.) :

In considering 4 — ey for large tanB, two factors
come immediately to mind which tend to (perhaps dan-
gerously) enhance the rate over the case with moderate
tans.

(i) As we have already mentioned, the dominant con-
tribution to ¢ — ey grows with tan@; the diagram in
Fig. 5 is proportional to tanf3, a factor of 900 in the rate
for tanB = 60 compared to tanf = 2.

(iiy For large tanB, A, can be order 1 and we can-
not neglect its contribution to the running of the slepton
mass matrix from Mg to Mg (soft SUSY-breaking scale).
This scaling generally splits the third generation slepton
mass even further from the first two generations, mean-
ing a less effective super-GIM mechanism and a larger
amplitude for 4 — ey.

While both of the above effects certainly exist, there
are also two sources of suppression of the amplitude for
large tanB, which can together largely compensate for
the above factors. '

(i') Large tang allows X, to be smaller than for mod-
erate tanf. There are two reasons for this. First, large
tang allows v to be larger and so A; can be smaller to
reproduce the top mass. Second, b-r unification [18] is
achieved with a smaller A, in the large tang regime [7,8].
Since A; is smaller, a smaller nondegeneracy between the
third and first two generations is induced in running from

d
ma-tATEAE =625z + 2ALAETr(3ALAp + ALAg) — (692 + LeP)ALAE,

d
—E,\Eag = 6ApAL + 22sALTr(3AL A + ALAE) — (602 + Bo?)AsAL.

Mp) to Mg, suppressing the amplitude compared to the
moderate tanf3 case.

(ii") In comparing large and moderate tanB, we must
know how the mixing matrices Wi, g,, (appearing at the
vertices of the diagrams responsible for 4 — e+) compare
in these two cases. In the moderate tan8 minimal models
discussed in [2], W g, were equal to the corresponding
KM matrix elements Vi, at Mg, and this equality was
approximately maintained in running from Mg to Ms.
As discussed in the previous sections, for more general

-models one expects that the Wy (g),; at Mg are equal to

VkM,; 2t M@ up to some combination of Clebsch coeffi-
cients. One might then expect (as in the minimal models)
that this relationship continues to approximately hold at
lower scales. In fact, for large tan8 this expectation is
false. We find that often the W), decrease from Mg
to Ms, overcompensating for the increased nondegener-
acy between the third and first two generation slepton
masses induced by large A, [point (i) above].

In the following, we examine the scaling of these mixing
matrices’in detail. Consider first the lepton sector. The
renormalization group equation (RGE) for Ag (in the
following ¢ = In /16%%) is

dA
—d_tE = Az[BALAg + Tr(3ALAp + ALAg)
—3g5 — 201l (5.3)
giving
(5.4)
(5.5)

These in turn imply that the basis in which AL Az 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?2. The RGE

for m} is

dt

In the basis where ATEAE is diagonal, keeping only the
A; contribution, the 3¢ entry (i # 3) becomes

d

_Eimi&' = Ami, +2(¢kCr)s (5.7)

In this basis, we have m? = W}miWy. (Here and in
the remainder of this section, we abbreviate Wg, o, —

Wi(ry-) Assuming degeneracy between scalars of the

first two generations, m} = Wi Wi (m2, —m2 )=

Wi, WzasAmi. Then (5.7) becomes -

33

d .
~—m} = (m% + 2m§,d)/\},;a\g + 2Atﬂm2E4\E + AE.AEmi + 2¢5¢ g + gaugino terms.

(5.6)

d
- p (WLS.' W.{.sa Am%) = ’\-JZ—(WLsi Wftas Ami)
+2(¢ };J(E)&’-

For now, we ignore the (CEC E)3i term in (5.8), yielding
the solution

(WLai W.Esa Am%) (MS) =e~lr (WLai W}aaa Amz) (MG)’
- (5.9)

(5.8)

where
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In(Mg/Ms} ¢ ’
L= fo L N(), (5.10)
Thus
2
t Iy Ami(Mg) .+
Wy, WLSS (Ms) =e€ WWLS;WLSS (MG)-
(5.11)
Similarly, we find
Am%i(Mg)
i — 21, R G t M
WRs.‘ WR“ (MS) € AWZR(MS) Whas; WRss( G)'
(5.12)

Note that, generically, the quantities Am} p (Mg)/

Ami( R) (Mg) are smaller than 1, since the third gen-
eration mass gets split even farther from the first two
generations in running from Mg to Mg, Thus we find
that the Wr(g),, get smaller in magnitude as we scale
from Mg to Mg, in contrast with the KM matrix ele-
ments Vi, , which scale as

VKMS;‘ (MS) = eut-hrb)VKMsi (MG)' (5'13)

Suppose that at Mg the Wi(g) are related to Vkm
through some combination of Clebsch coeflicients deter-

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

Am2(Mg)

t —
WLSS WL‘S:’ (MS) - AmzL(MS)

1 -
WRasWRsi (Ms) = Am%(Ms)

Am%(MG) e~ (2I

mined by the physics above the GUT scale:
W] 1o We(R)s: (Ma) = zinm) Viema (Mg).  (5.14)
e_(I’+I‘+I")z,;L Vients; (Ms), {(5.15)
"+I‘+I”)z;RVKM3..(Ms). (5.16)

The dominant contribution to the g — ey rate is proportional to |WE$SWL3,W;{33W331 (Ms)|? +

(W}, Wiy Wiy, (Ms)[?, giving

Blu—er) = AmZ (Ms) AmZ(Ms)

2
Ami(Me) Am?z(MG)] e—(er,+4z.+4r,,)(

122;,213 lz + Izlz,z2n 12)

xB(pt = 7, W) W}y, (Ms) = Vicns, (Ms))

n

This ¢ represents a possibly significant suppression of the
rate for large tang.

At this point, the reader may object: It is true that the
Wi(r),, decrease from Mg to Mg, but as already men-
tioned, the nondegeneracy between the third and first
two generations is increasing. Which effect wins? We
argue that in general there is a net suppression. This is
easiest to see if in computing the pp — ey amplitude we
use the mass insertion approximation rather than mixing
matrices at the vertices {Fig. 6). Although this may be a
poor approximation, it serves to illustrate our 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}_ m%,, (Ms). From (5.7), we see that
the rate scales as

(migz m3231 )2 (MS) =e (SIT el +4Ib) (misz mia; ) (MG ) ?

(5.18)

&(|zz, 215l + lzlLZZRlz)B(J“' €Yy WE(R)sa Wy (R)es (Ms) — Vimy, (Ms))-

(5.17)

a net suppression. In the mass insertion approximation,
then, the terms Am?(Mg)/Am?(Mg) in (5.17) serve to
exactly compensate for the increased nondegeneracy be-
tween mZ, and mZ ; what remains is still a suppression.
This together with (i) invalidates the naive expectation
that the theory is ruled out in most regions of param-
eter space due to the enhancing factors (i) and (ii) (al-
though there are still stringent constraints on the param-
eter space).

FIG. 6. Dominant diagram (for zz — e) in the mass inser-
tion approximation.
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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 are presented in-the Appendix.

VI. LARGE tan 8: NUMERICAL RESULTS

The amplitude for & — ey depends on the 6 x 6 slep-
ton mass matrix M?. In the basis where m%,m% are
diagonal, we have : S

— 2
M _( et @3, +Dz )’ (6.1)
where in the large tanf limit D; = —(T5 —

Qisin?fw )MZ is the D-term contribution and ki =
um tanBWir, Wg,.. The amplitude from Fig. 1 for pr
decay is ‘

- oyt 2 +
Fr= 4 cos? Oy Wi C2(M ) Lr; W, (6.2)
where
2y — GZ(MZ)LL Gz(MZ)LR
G2(M ) = ( Gz(Mz)RL G2(M2)RR . (63)

In [2], M? was approximately diagonalized by the
pum,tan insertion approximation and G(M?) was cal-
culated using this approximate diagonalization. Since
here tang is large, we wish to avoid making such an ap-
prc;xima.tion, and numerically diagonalize the full 6 x 6
M=,

Faced with a rather large parameter space, we must de-
cide which parameters to use in our numerical work, We
have first decided to do our analysis only for large tang,
since the moderate tan/ scenario has been covered in [2].
Second, we choose to present our results in a different
way than in [2], where the rates for u — ey were plotted
against a combination of Planck-scale and weak-scale pa-
rameters. In our work, we compute p — ey entirely in
terms of weak-scale parameters. In particular, we assume
that the necessary condition for a significant p — ey rate
exists at the weak scale, namely, nontrivial mixing ma-
trix Wi g,, and nondegeneracy between third and first
two generation slepton masses. In the previous sections,
we have shown a possible way in which these ingredients
may be produced. Our plots for u — ey rates are made
against low-energy parameters, and we separately plot
the regions in low-energy parameter space predicted by
our particular scenario for generating 4 = ey. This way
our plots are in terms of experimentally accessible quanti-
ties and can be thought of as constraining the parameter
space of the effective 3-2-1 softly broken supersymmet-
ric theory resulting from the spontaneous breakdown of
a GUT. (We use the GUT to relate weak-scale gaug-
ino masses.) Our low-energy plots have no dependence
on the physics above the GUT scale; all the model de-
pendence comes into the predictions for the low-energy

parameters the GUT makes. If the predicted region of
low-energy parameters corresponds to a y — ey rate ex-
ceeding experimental bounds, the theory is ruled out.
There is a more practical reason for working directly
with low-energy parameters specific to large tan3: the
well-known difficulty in achieving electroweak symmetry
breaking in this regime. Working with high-energy pa-
rameters and imposing universal scalar masses necessi-

tates a fine-tune to achieve SU(2)xU(1) breaking. How-

ever, we have nowhere in our analysis made the assump-
tion of universal scalar masses; hence, the Higgs boson
masses and squark and/or slepton masses are indepen-
dent in our analysis, and therefore the ¢ parameter is not
tightly constrained by squark/slepton masses. Working

B (u—>ey)
0.6
(a)
c.5 ]_o'a
0.4 -
107°
A(300GeV) 0.3 »
10
0.2 10-11
-12
0.1 10
0
&0 120 180 240 300
Mz (GeV)
. 0.4 ( b )
0.3 107°
A(3o0ceV) , 107%
: 9.2 .
10~10
0.1 w0
10-12
L1
. 60 . 120 180 240 300
M, {GeV}

FIG. 7. Contours for B{p —+ ey) in the M2-A plane with
Map gy = 300 GeV, A = May Ry ~ My gy VVEL(R)32 = 0.04,
WE,(n),, = 0.01,for (a) p = 100.GeV, (b) 4 = 300 GeV. Con-
tours for negative i are virtually identical. To get B(p — ev)
prediction from a GUT, multiply by appropriate Clebsch fac-
tor, and e factor (Fig. 10). '
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with- weak-scale parameters allows us to assume that the
desired breaking has occurred without ha.vmg to know
the details of the breaking.

‘With the aforementioned assumption about the exis-
tence of a GUT and assuming degeneracy between the
first two generations, the rate for ¢ — ey depends
on the weak-scale parameters y, tang@, Ms, mg , m% ,
mZ,, mi,, Wi, and Wg,,. We know that the am-
plitude depends on Wz (g, simply through the product
Wr,;Whs;, and so for normalization in our plots we put
Wrir)s; = VkM,,- Any deviation from this can be simply
multiplied into the rate. We also fix tanF = 60 and put
My py = My py— Di(r)- Next, we use some high-energy
bias to relate mz, and m;,: We assume that their differ-
ence is proporticnal to My (as would be the case if they

B (u—>ey)
300
150
M, {GeV)
0
=150
-300
=300 '+150 Q 150 300
u(Gev)
300
150
M, (GeV)

-150

-300

-300 -150 0 150 300
M {Gev)

FIG. 8. Contours for B{iz — ev) in the y-M; plane for (a)
A = 0.25, (b) A = 0.5, with other parameters the same as
in Fig. 7. The blacked out regions are ruled out by the LEP
bound of 45 GeV on chargino masses. The thick dashed lines
are contours for a 45 GeV LSP mass.

started out degenerate and were split only through differ-
ent gauge interactions), and so we put mg, = mz, —r M.
In all specific models we have looked at, » 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, and so we
put r = 0, mg, = mg, = Mme. We also found that as long
as Azp/Apg is close to 1, there is little dependence on its
actual value either, and so we put Ay = A=A

Now, the g — ey rate depends only on u, My, 7z, and
A, and we have the large tanf interpretation of g and
My as chargino masses. Fixing Mz = 300 GeV, we make
contour plots of B(y — ey). The rate scales roughly
as mg‘* and u? for scalar masses heavy compared with
gaugino masses. In Fig. 7, we fix 4 and plot in M5-A
space. In Fig. 8, we fix A and plot in u-Ms space. In
Fig. 9, we plot the values of A predicted by the GUT
against My, for various values of A{(Mg) and A.(Ms)
and for two values of by, the gauge 8 function coefficient
above the GUT scale. In Fig. 10, we plot the suppression
factor e for the same parameter set as in Fig. 9. We see

A (300GeV)

M, {(GeV)
1
(b) Ae= 0 memamadpa] 1
— — A=l ———A=0.8
.8 Re=+1l At=0.5
0.
A {300GeV)

60 80 100 120 140 160

M, (GeV)

FIG. 9. Plots of the averaged difference between the
thud and first two generatlons charged slepton masses
S (AL +AR)/2, Ay = May,p, (at Ms), against My, for
%(miL +m2,) = (300 GeV)?, A = Ay = A, (at Mg) = 0.5,
0.8, 1.1, A.(Ms) =1, 0, -1, two values of the gauge 8 func-
tion coefficient bs between Mg and Mp (a) bs = 3 (asymptot-
ically free), (b) b5 = —20. Scalar masses are assumed degen-
erate at Mp) = = 2.4 X 10" GeV, Mg is taken to be 2.7 x 10*°
GeV.
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FIG. 10. Plots of the suppression factor ¢ against My, with
the same parameters as in Fig. 9.

that, over a significant region in parameter space, € is
small, between 0.2 and 0.01.

It is clear from Fig. 7 that, with no suppression, a
typical value for A of 0.3 (%300 GeV) would give rise
to rates above the current bound of By — ey) < 4.9 %
10~ [19]. However, from Fig. 10, the suppression from
€ is seen to be typically 20, allowing A’s of up to 0.45
(%300 GeV). 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. 8 it is also clear that regions of small
u and M, (that is, light chargino masses) are preferred.
Smaller i is preferred because it decreases the L-R mass
pmtand; small M, is preferred because in the limit that
the neutralino mass tends to zero the diagrams in Fig. 5
vanish. We also note that smaller p, M, are preferred for
electroweak symmetry breaking [7,8].

If 4 and M, are both small, the lightest supersym-
metric 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 (primar-
ily through its Higgsino components) through a Z into
fermion antifermion pairs much like a heavy neutrino.
The contribution of the LSP to the energy density of the
universe, Qh2, then just depends on its mass and the size
of its Higgsino components, both of which only depend
on y and M; in the large tanf limit. In Fig. 11, we make
a plot of QA% in u-M, space. We see that it is possible
to get §2 ~ 1 in some regions of the parameter space.

On?

200}

100¢

M,(GeV) 4l

=100}

p(GeV)

FIG. 11. Contours for Qk? in the u-Ma plane in the large tan@ limit. Dashed lines are LSP mass contours of 30, 45, and 60

GeV. For all regions of mysp < 45 GeV in this plot, the Higgsino

out by the Z width.

components of LSP are too big and therefore they are ruled
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VII. EXAMPLE OF ADHRS MODELS

In this section, we study the ADHRS models [9], which
are known to give realistic fermion masses and mixing
patterns. These models are specific enough for us to do
calculations and make some real predictions. Although
not necessarily correct, they are good representatives of
general GUT models. We believe that by studying them
one can see In detail the general features of generic real-
istic GUT models and the differences between them and
the minimal SU(5) or SC(10) models.

As mentioned in Sec. II, 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 generation Yukawa couplings come from
a renormalizable interaction

A3316516510. (7.1)
All other small Yukawa couplings come from nonrenor-
malizable interactions after integrating out the heavy
fields. These interactions can be written in general as

16;1;;(A,)16;10. (7.2)

The Ag’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
couplings can take different values for fermions of the
same generation with different quantum numbers under
SU(3)xSU(2)xU(1) and a realistic fermion mass pat-
tern and a nontrivial KM matrix can be generated. In
ADHRS models, the minimal number (4) of operators is
assumed to generate the up-type and down-type guarks
and charged lepton Yukawa coupling matrices Ay, Ap,
and Ag, and they take the form, at Mg,

0 zC 0 0 =z4C 0 0 =zC 0
Av=| #.C yE 2,B |, Ap=| 24C ysE zaB |, Ag=| z.C y.E z.B |, (7.3)
0 2B A 0 B A 0 zB A

where 2,7y, z are Clebsch factors arising from the VEV’s
of the adjoint Higgs fields A,. This form is known to
give the successful relations Vip/Vey = +/my/m. and
Via/Vis = +/ma/m; [20], and so it is well motivated.
Strictly speaking, the interaction (7.2) become the usual
Yukawa form only after the adjoints A, take their VEV’s
at the GUT scale. However, as we explained in Sec. II,
they can be treated as the usual Yukawa interactions up
to the ultraheavy scale (which we will assume to be Mp))
where the ultraheavy fields are integrated out if the wave
function renormalizations of A,’s are ignored. In the
one-loop approximation which we use later in calculat-
ing radiative corrections from Mp) to Mg, they give the
same results, because the wave function 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 (2.4) which
give the fermion masses, we have the interactions (2.5)
as well. Each Yukawa matrix has different Clebsch fac-
tors @, ¥, z associated with its elements. All the Yukawa
matrices have the ADHRS form

0 ZIC 0
Ar=| #C wFE =B |, I=qq,eu,ud gl,nd,nl
0 B A

(7.4)

If each entry of the Yukawa matrices is generated domi-
nantly by a single operator, like in the ADHRS meodels,
then the phases of the same entries of all Yukawa matri-
ces are identical. One can remove all but the A»» phases
by rephasing the operators. After phase redefinition only
E is complex and is responsible for C'P violation. In or-

der to generate the realistic fermion mass and mixing
pattern, one expects the hierarchies

B

ZN cb ™ €7,

E m, 2

A my T
b

(7.5)

% ~ gin @, ~ ¢ where € ~ 0.2.

The hierarchical Yukaawa matrices can be diagonalized
approximately {20]; the unitary rotation matrices which
diagonalize them at the GUT scale can be approximately
written as

0 2C 0
A= 1 2C y|E|e? =B | = VEAV], (7.6)
0 2B A
e®  Spe® 0
Ve o~ —Sr 1 Sr | (7.7)
S )2 SFz Sr, 1
1 S B, 0
Vg ~ ~Spg, e e~ Sp, |, (7.8)

where
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xB z'B

SR SB=g
zC 2'C
Sn=g fn =T

- fBZ
— [9B — S,S5,4] = |y1E|e*¢ _oe {

¢ =arg(E), ¢=arg (yE —~ m’ZBz) :

The soft SUSY-breaking scalar masses for the three low-
energy generations and trilinear A terms are assumed to
be universal® at Planck scale Mp) as in [2]). Beneath Mp,

the radiative corrections from the Yukawa couplings de-
stroy the universalities and render the mixing matrices
nontrivial. 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 el-
ements and KM matrix elements are also simple. This al-
lows us to see the similar hierarchies in the general mixing
matrices and KM matrix very clearly. Although the one-
loop approximation may not be a good approximation for
guantities 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 RG equations, for
mfg as an example, from Mp; to Mg are

d
Zm m} = 16 ——=[2(2Apmi AL + 22gmy AL + mEARAL + AgAbmE + 2¢ p¢l)
+3(2AmEAL 4 2Aeumiy, AL + mEA AL + Aeudl m? + 2¢..¢1)

—gaugino mass contribution].

(7.9)

In the one-loop approximation, the gaugino mass contributions are diagonal and the same for all three generations,
and so they can be absorbed into the common scalar masses and do not affect the dlagonahzatlon The corrections
to scalar masses at Mg have the following leading flavor dependence:

[ #C*  ZmCE* Z.Z.CB
Am% o 22gAL + 30 AL, =5 | Zg.CE Z2C? + 2|E|? + 2282 vz, EB +T.BA |, (7.10)
zextCB  y.xlE*B+%.BA r.2B% + A?

where the overline represents the weighted average of the Clebsch factors, 22 = }(222 + 322,) and so on. Because
Awm% is hierarchical, assuming no big z,y Clebsch factors (ADHRS models have some big z Clebsch factors), the
rotation matrix which diagonalizes it can be given approximately as

L Se,  Sm
Up(Mg) ~ —SEle"_i‘b _(-3—”"5 . 5m, E {7.11)
S5, 8g,e7** ~ Sg, —Sp,e™ 1
where

. FB z.x,CB
Sg, = jl s Sgy = Tz
_ 75.C|E 5
Spem FECEL g B

22C? + 2| B + (2% — 22)B? B

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

31f the nonrenormalizable operators already appear in the superpotential of the underlying supergravity theory, the 4 terms
will be different for different dimensional operators, and will induce unacceptably large # — ey rate because the triscalar
interactions and the Yukawa interactions cannot be diagonalized in the same basis for the first two generations. In theories
where the nonrenormalizable operators come from integrating out heavy fields at Mp: and all the relevant interactions have
the same A term, the resulting nonrenormalizable operators will alse have the same A term.
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Am? o ApAg + 30 A0 + Al Au,

Amb o ApAl; + ApAL +225,A0 + AgAl,
Amf; o 225 Ay + A Aew + 200l

Am? o 22500 + AL g + 22T A, _ (7.12)

and the rotation matrices which diagonalize them are given by expressions similar to (7.11) with Clebsch factors
replaced by the appropriate ones. Then, the mixing matrices appearing at the lepton-slepton-gaugino vertices are
given by

1 i SEL,_ - g?’Llei(“;“q“") S'LI(S'LZ —_ SEL.))ei& - SLS
Wa, (Me) = Ul Vg, ~ (Sp, —~ Sy e gilde —(Sz, — Sg,, )& ,
—SELI (Se. — SEL2 )e_“:be + 5., (5L, — SEL;; )e—%fﬁe 1
(7.13)
; . . ei(bc » SER1 eid’= - S‘Eleid’ §E1 (S‘Ez - S}_:,'Rz)ei¢ - S'Es
WEI’ (MG) - UEVER = SE_x et — SERx eif . - et —(gEz - »5"}5‘12,)‘3_1.‘3S ’ (7'14)
_SE.ln (SEz - SExz) + Sgse’-@se SE2 - SEgz 1
where
2 C z.C zhz B2
"S'E:.1 = "%T: Br, =~ B E; = |y E — A I,
z.B xeB i3 ThxB?
o1, = 2L, Sza, = 50 60— wng (eIl - )
2 & (if Yo ~ @, 2L),
5 Z:9:C|E| 5 F.B & z.z,CB
B = = — —_— 1 E;, = By = )
LoPCr+yllBP+ (GT-wBr T AT T A
CoBerygREp+ EE-apr’ AT T A4
and
e = 12 + 37eu), 2L = L2l + 3wl + ), etc.
Note that
_ CB = - CB
Spy ~ FC!ebschIﬁ"'n SEL]_ (SLz - SEL;.) = Félebschm' (715)

If there is no very big or small Clebsch factor (Fcoiensch) involved and no accidental cancellation, Sr., SE, can be
neglected in W’s.
Compared with Vi,

Vim(Me) = Vi, Vb,

1 Sp,, - SULle‘i(¢d—¢“) —8u,, (Sp,, — SU,,; Jeidu
~ | Sy, — Sp,, e bt emHeamde) (Sp,, — Su,, et , (7.16)
SDLI (SDbl - SULg )e—iﬂbd —(SDLg - SUL,)B_"M 1
where
2,C T,z B? z, 2! B2
SUL1=F’ E::=y'uE"" A ‘:Qbu:arg(qu_'uT)’
2aC x4z, B2 ' . wgx),B?
SD;,1=TE.“£‘, Ey = {yaE — :; , $a=arg ydE—Td ,
T B

zqB
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TABLE II. Clebsch factors for Yukawa coupling matrices in ADHRS model 6.

% d e eu ql nl
x -1 —% % -6 % 0
i
Y 0 1 3
z —% 1 1 —% _ 1 125
=2, f.=-3
we can see that the W’s and Vky do have similar hier- Wg,, = Wgg,, = Vis and Wy, = Wg, = T/Ed To

archical patterns, but have different Clebsch factors as-
sociated 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
model 6, which gives results in good agreement with the
experimental data, has the four effective fermion mass
operators

O3 = 165101863,

Oz = 162‘4—"10‘4” 163,
Ax
" Qg = 162A—XIOAB'" 165 or five other choices,
M Ax .

A

Oz = 16; (ﬁ;) 10 ( J\Zr() 16, (7.17)
where Ax, Ay, Ap_1, are adjoints of SO(10) with VEV’s
in the SU(5) singlet, hypercharge, and B-L directions.
There are six choices of Oy operators which give the
same predictions for the fermion masses and mixings, but
" different Clebsch coefficients for other operators appear-
ing above Mg. Fortunately, they do not enter the lead-
ing terms of the most important mixing matrix elements
Wg,.,» WE,,,, Weg,,, and Wg,_ , which appear in the
leading contributions to the amplitudes of LFV processes
and the electric dipole moment.

The magnitude of the mixing matrix elements Vkm,,,
Vs WE, s WEy, » WEg,,, 2nd Wgy,_ , and the rele-
vant Clebsch factors are listed in Tables IT and IIL

In ADHRS models tang is large. The i — e rate
for large tanB has been calculated in Secs. V and VI for

obtain the predlctlons 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 III. For a generic realistic GUT model with small
tang, for example, the modified ADHRS models in which
the down-type Higgs boson lies predominantly in some
fields which do not interact with the three low-energy
generations and contain only a small fraction of the dou-
blets in the 10 which interact with the low-energy gener-
ations [21], most of the analysis should still hold. In this
case the leading contributions to 4 — ey are the same
ones as in the minimal SO(10) model of Ref. [2] (Fig. 10,
br,r,crrcp g of [2]). The diagrams cpgr,c}p involve
the corrections to the trilinear scalar couplings.

In the one-loop approximation, the leading correc-
tions to (g at Mg contain pieces proportional to
Ap As(AFAs + 3AIAL + AL L) and (@2AAL +
3z\wz\zu))\ &g, respectively. The piece proportional to Ag
can be absorbed into {5, by a redefinition of Ag; the
other two pieces are proportional to the product of Ag
and the corrections to the scalar masses,

Alp = Alp, + ACg,,
ACER =

(7.18)

1
Ay, = - ApAmZ,

L

where pg,,mE, are proportional comstants [up, =
pE; = (6m2 + A2)/34; in the one-loop approximation].
The LFV couplings in Fig. 2(e), ERUL AL gULéLvp, now
can be written as

" TABLE III. Relevant Clebsch factors for # = ey and d. in ADHRS model 6.

. ADHRS models " Model 8 Relevant process
T P
(WeLg, /Vasl Silie 1.26
Weay, /Ves| = 5.4
I PY .
Wy, /Vacl s 0.42
-] EG_ *
Wy, /Vad ey 18
WEL Wep Zevd(Be =2e) (8L ~20) i
A 4 .
‘ B | er (o) 2.268 B> ey amplitude
WER WEL 2 yg{Ee —z ) (&L —zl) .
Pedldl e lelile Tel A
sy | | P e 2.268 1 — ey amplitude
‘/inl'al WERg, (Z\Ld _ VEnzeys 1 d.
VIWeLy, Wy, P+ Weg,, Wa, , I* Ves VEZ 423 zave 3
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i
éRUgAm?E.\EULéLvD +
HER Er

where the overline means that the matrix is diagonal.
Again, the amplitudes are given by the same formu-
las as in [2] [Eqs. {29), (30)], except that Vg Vs (Viy)?
has to be replaced by Wg,, Wg,, A Wg WER“, and

Brg,
I’VER32 WE;,m Wéﬁaa WELas , and gI& by (1/[£EL)A7?L2E$3
and (1/pg, )AmE . The results in [2] are only modified
by some multiplicative factors and therefore represent the
central values for the LE'V processes.

It was pointed out in [2,3] that the electric dipole mo-
ment of the electron (d.} constitutes an independent and
equally important signature for the SO(10) unified the-
ory as u — ey does. The diagrams which contribute to
the electri¢ dipole moment of the electron are the same
as the ones which contribute to p — ey, with pr{u$)
replaced by er(e§). Thus a simple relation between d.
and the p — e7y rate was obtained in the minimal SO(10)
model (2],

[+
T(u - ey) = Emj;|1.rv"2|2, (7.20)
|de |—e|F2| Via sing = —-—ZP(#_;”) Via sin ¢,
am? Vas
(7.21)

where ¢ is an unknown new CP-violating phase defined
by

Taafm (V§)* (ViE)?) = Im (V5)*(Va5)?|simg.

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:

2L (1 = )
|de| = e am3,
\/_IWELM WER.‘}I | sin qsf
3
\/lWELsz WEﬂsx 12 + |WE’331 Eig; |
(7.22)

Am%, (2-1)

1 . . 1 . B =
ELUTApAMEULELup = ;—egAmfgW,}HAEW;

Az E!

e [:730|E| + 22CB?/|B| + %5:C| E|

- [ 2C ZPC? + Y2\ B + 72B?
~1"E.

Am%  (assume z, = 2z, as in ADHRS médel).
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€LVD
Ep L
1
+

Er

ELWr MWL Am}érvp, (7.19)

[
where ¢’ is defined by

* *
Im[‘m, WELS‘[ 'W/_ER31 WERSS WELSS]

—_— * * H 4
= |m.Wg,, We,,, WE,ys WEr,, |sind’.

In particular, in ADHRS models there is only one CP-
violating phase, and so the phase ¢’ can be related to
the phase appearing in the KM matrix of the standard
model. From Egs. (7.13), (7.14), (7.16), we can see that
47' ¢ey ¢e ~z ¢d ~ ¢y ¢u =0 (beca.use Yu = 0) The
rephrase invariant quantlty J of the KM matrix is given
by

J =ImV, Vs VgV,

' o~ —S'UL1 SDL1 (SDPZ - SU;,, )zsind)d. (7.23)

Therefore the C P-violating phase appeared in d, related
to the C'P violation in the standard model by

J

!
Slll
P Vel Vol

(7.24)

Finally, as mentioned in Sec. III, we consider the possi-
bility that the slight nondegeneracy between the first two
generation scalar masses could give a significant contribu-
tion to the flavor-changing processes because of the larger
mixing matrix elements. We still use ADHRS models as
an example to estimate this contribution to the LFV pro-
cess i — evy. For an order of magnitude estimate, the
mass insertion approximation in the super-KM hasis em-
ployed in [1] will serve as a convenient method. After
rotating the Am% in Eq. (7.10) to the charged lepton
mass eigenstate basis, the contribution from the first two
generatlons to Am%, s

w 2 * 2 . 2
= VER” VER:: AmEﬂ + VERu VERu AmE’u + VER“ VERu AmEﬂ

zeC 22C?
Az

= CE
+e T R

2
AmEas

(7.25)
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Compared with the result found in (1] for minimal SU(5),

A, (BH) = ViViahri,
. _zC (xa — z,)2B?

~ =g e Amp,
2 2
24 (wa — ¢, )°CB*/|E
o _zTa( “Lz /l |Am2E33, (7.26)

we can see that if the Clebsch factors are O(1); this con-
tribution is comparable to that of the minimal SU(5)
model. In order for this contribution to be competi-
tive with the dominant diagrams (Fig. 10, bz, g, cz,r, 1, p
of [2]) which are enhanced by m.,/m,, large Clebsch fac-
tors are required. While it is possible to have large Cleb-
sch factors, we consider them as model dependent, not
generic to all realistic unified theories.

VIII. CONCLUSIONS

In supersymmetric theories, the Yukawa interactions
which violate flavor symumetries 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

“#ignals. While such effects have been well studied in the
MSSM and, more recently, in minimal upified models,
the purpose of this paper has been to explore these phe-
nomena in a wide class of grand unified models which
have realistic fermion masses,

‘We have argued that, if the hardness scale Az is above
Mg, the expectation for all realistic grand unified super-
symmetric models is that nontrivial flavor mixing matri-
ces should occur at ell neutral gaugino vertices. These
additional, weak-scale, flavor violations are expected to
have a form similar to the Kobayashi-Maskawa matrix.
However, the precise values of the matrix elements are
model dependent and have renormalization group scal-
ings which differ from those of the Kobayashi-Maskawa
matrix elements.

~ Tf is the nontriviality of the flavor-mixing matrices of

neutral gauginoe couplings in the up quark sector which
gtrongly distinguishes between the general and minimal
unified models, as shown in Table I. Although the min-
imal unified models provide a simple approximation to
flavor physics, they are not realistic, and so we stress
the important new result that flavor mixing in the up-
sector couplings of neutral gauginos is a necessity in uni-
fied 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 model.

The new mixing in the up-quark sector implies that
there may be significant radiative contributions to the
up-quark mass matrix which arise when the superpart-
ners are integrated out of the theory. This is illustrated in
Fig. 4, where the new mixing matrix elements have been
taken to be a factor of 3 larger than the corresponding
Kobayashi-Maskawa matrix elements. In this case the

entire up-quark mass could be generated by such a ra-
diative mechanism: Above the weak scale the violation
of up-quark flavor symmetries lies in the squark mass
matrix.

The electric dipole moment of the neutron, d,, is a
powerful probe of the neutral gaugino flavor mixing in-
duced 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 sec-
tor leads to a d, which typically provides the dominant
contribution to d,,. Thus the neutron electric dipole mo-
ment is a more powerful probe of unified supersymmetric
theories than previously realized.

The presence of flavor mixing in the up sector plays a
very important role in determining the branching ratio
for a proton to decay to K°u*. In the minimal models,
without such mixings, this branching ratio is expected
to be about 10~3; The charged lepton mode will not
be seen, and experimental efforts must concentrate on
the mode containing a neutrino, K*v. However, includ-
ing these mixings, the charged lepton branching ratio is
greatly increased to about 0.1, While this number is
very model dependent, we nevertheless think that this
effect greatly changes the importance of searching for the
charged lepton mode.

These four phenomenological consequence are suffi-
ciently 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 fea-
ture of the minimal models. Since the flavor sectors of
the minimal models must be augmented to obtain realis-
tic fermion masses, any conclusions based on the absence
of flaver mixings in the up sector are specious.

A second topic addressed in this paper is the effect
of large tan8 on the lepton process yu . .— ey, which
is expected in unified supersymmetric SO{10) models.
The amplitude for this process has a contribution pro-
portional to tan@. In this paper, we have found that
the naive expectation that large td4n/f in supersymmetric
S0(10) is excluded by g — ey is incorrect, at least for
all values of the superpartner masses of interest. Con-
tour plots for the y — ey branching ratio are shown in
Figs. 7 and 8. It depends sensitively on the parameter
A, which is the mass splitting between the scalar elec-
tron and scalar 7 and is plotted in Fig. 9. Lower values
of the top quark Yukawa coupling, which for large tang
still give allowed predictions for the /7 mass ratio, give a
much reduced value for A, thereby reducing the pu — ey
rate and partially compensating the tan?(3 enhancement.
A further significant suppression of an order of magni-
tude is induced by the renormalization group scaling of
the leptonic flavor mixing angles and is shown in Fig. 10.
The net effect is that while the case of tanf3 = m;/m;
is not excluded in SO(10), the p -+ ey rate is still typi-
cally larger than for moderate tang, so that this process
provides a more powerful probe of the theory as tangf
increases.

For large tang, p and M, become the physical masses
of the two charginos. The x4 -+ ey contours of Fig. 8
show that # and M, shounld not be too large, providing
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an important limit to the chargino masses in the large
tanB 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. 11. However, the requirement that the
LSP mass be larger than 45 GeV suggests that the two
light charginos will not be light enough to be discovered
at LEP IIL

As an example of theories with both a realistic flavor
sector and large tanB, we studied the models introduced
by Anderson et al. The flavor sectors of these theories
are economical: The free parameters can all be fixed from
the known quark and lepton masses and mixings. Hence
the flavor mixing matrices at all neutral gaugino vertices
can be calculated. These are shown for the lepton sector
of model 6 in Table III. The Clebsch factors enhance the
1 —+ ey amplitude by a factor of 2.3 and suppress d. by
a factor of 3. Even taking the top quark Yukawa cou-
pling-to have its lowest value, the rate for 1 — ey in this
theory is very large. Another interesting feature of these
theories is that the flavor sectors contain just a single
CP-violating phase. This means that the phase which
appears in the result for 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 ap-
pears in d, is given in Eq. (7.24) and is numerically about
0.2. We have computed the radiative 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, be-
cause of a cancellation special to these theories, there is
no contribution to d,, from the up quark at one loop.

Note added: While finalizing this work, we received
papers by Ciafaloni, Romanino, and Strumia [22] and by
de Carlos, Casas, and Moreno [23], where the large tang3
scenario is also considered. In [22], unlike this work, they
assume strict universality in soft scalar masses, such that
imposing electroweak symmetry breaking leads them into
a region of parameter space with 2 high mass (1 TeV)
for the sleptons. In their discussion of general models,
they do not include flavor-violating RG scaling of scalar
masses above Mg. In [23), the authors do not assume
grand unification. Instead, they assume general scalar
mass matrices at some high scale. Dangerous flavor-
changing effects are suppressed through gaugino focuszng
in the running from high to low scales.
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APPENDIX

In this appendix, we first give a more complete treatment of mlxmg matrix scaling in the lepton sector and then

give a treatment for the quark sector.

Let us return to (5 7) and consider the effect of including the (C ¢ E)3,, term. In general, the scahng from Mp) to
Mg will generate a ¢ EC g not diagonal in the same basis as A EAE, and so we expect some nonzero € EC }:-,-)31 From

the RGE for {5, neglecting gauge couplings,

d
~ 265 = ColBAbAE + Tr(BALAp + ApAs)] + Az[4NECp + Tr(6CpAL + 20 zAb))-

We have

‘(Al)

= (€E¢g) = 5CEALAE + AbARCH¢ ] + 2TX(3ALAD + ApAs)( s

+8CEABAL s + (CE AR + ALCR)Tr(6Cp AL + 205 AL).

(a2)

Then, to first order in the off- diagonal parts of § EC gand { EC g and keeping only third genera.tlon Yukawa couplings,

we have

i
—a—t(CECE)si =

(CHCR)17AZ + 62 + 6nAu).],

(A3)

where 5 = {p,,/{g,,- Because of the large numerical coefficient in front of A2,A? in the above equation, (C wCm)a

is driven to zero more rapidly than Wi, after which it ceases to bave any eﬁ'ect on the running of Wp,,.

explicitly, from (5.7) we have that

2 e ([ axe)] =

~2(¢L¢p)se(t) exp ( /0 Caexz (t’)) .

More

(44)
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Solving (A3) for (¢1,¢ g)a:i(t) and inserting into (A4), we get

d

-2 [miu (t) exp ( /; t dt’)&(t'))] = 2(¢ ¢ g)ai(Me) exp (— fo t @' [16)% + 6)2 + 61;)\,,)“}(5)) . (A5)

Integrating (A5), we find

mi,, (Ms)e”

(1/167%) In(Mg /Ms)
T - mis__ (Mg) = —2f

dt exp (- f dt'[16)2 + 622 + ﬁn)tb)t-,-](t')) (€5¢s)a(Me)
0 0

= §(¢E¢ )i Ma). (A6)
So we have
my (Ms) = ™% [}, (Mc) + §(¢5¢s) (Ma)). (A7)
We expect mis‘_ and (CTEC p)3i to be related by some combination of Clebsch factors ¢ at Mg as follows:
A2 2
(CECE)3= = mmLs; (A8)
D
where Ag, mZ are the universal A parameter and scalar mass at Mpy, respectively. Then, we have from (A7),
Am?(Mg)
1) Y A &
WLSSWLN(MS) =e m [1 + 6 0 ] WLSBWLS-'(MG)‘ (A9)

Clearly if §A2/mix < 1, inclusion of the (C ¢ g)si term in (5.7) does not change any of our results. If §47/mix ~ 1
or 3> 1, we can still of course use (A9), but the suppression effect may disappear. A simple estimate shows, however,
that § itself is already small, ~ % and so we are only in trouble if (A3 /m)= is big. To see this, replace Ar, Xy, and

7 by some average values X,, Ay, and # in the expression (A6) for §. Then,

(1/165%) In(Mg /Ms)
§=—2 f

0
1

= ——= o —‘16A2 75 _’r L3
S 1300+ ) [exp( o 2ln ( + 627 + 670 ))]

So
i

4 < —< < —.
i 8AZ + 3(A] + TApA-)

(A11)

E‘or the X’s between 0.5 and 1 and 7 ~ 1, |§] ranges from

to =

I-Imlw.r5 can we quahta.twely understand the above results
for the scaling of mixing matrices? The renormalization
group equations try to align the soft supersymmetry-
breaking flavor matrices with whatever combination of
flavor matrices responsible for their renormalization.
However, because a given coupling can only be renor-
malized by harder couplings, there is a hierarchy in which
flavor matrices affect the running of others. The Yukawa
matrices, being dimensionless, can only be affected by
other Yukawa matrices. In the lepton sector, this is the
reason that the basis in which, e.g., ATEAE is diagonal
does not change. Next, the soft trilinear terms, having
mass dimension 1, can only be affected by other trilinear
terms and Yukawa couplings. Again, in the lepton sec-

e—t(16X7+6X3-+6353,7)

(A10)

—

tor this means that, e.g., (ECp tries to align itself with
)\1 Ag. Finally, the scalar mass, having dimension 2, is
affected by everything: m?2 L tries to align with A Ez\ B, but
suffers interference from ¢ EC g, unless ¢ EC g 1s diagonal
in the same basis as )\fE,\ 5 Bven if C‘;@C 7 is not diagonal
in the same basis as ALAp, it is trying to align itself with
ALAg, and so m? will still tend to align with AbAg.
From the above discussion, it is clear that the situation
is slightly complicated in the quark sector. In the lepten
sector, there was a fixed direction in flavor space given by
Ag, with which the soft matrices aligned. In the qua.rk
sector, we have both Ay and Ap, and AU)\ AD)\D are
misaligned (Vgm # 1). This complicates the analysis
for Wy,, Wp,, and so we discuss them last. Let us
now examine the scaling of Wy, Wp,. (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
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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}}/\U is diago-

nal remains fixed. The RGE for AL Ay is

_i,\LAU =

= ALArY + 225 apAb Ay + 23 Trap Al

(recalling that in this basis z\},)\p = VKMXZDVIEM),

d

-5 — (AL A)is,,; = 2R VA Vil A )i

= 22y, Vicnta A, Vil A
=0 foré,j #3, {A13)

since we neglect all Yukawa couplings except the third

6 2 13 2yt
~ g3 — 897 — B ApAv. (A12) generation. Similarly, the basis in which AbAp is diago-

nal does not change., Thus the discussion for the scaling

Working in a basis where A;;"U is diagonal, let us see  of Wy, Wp, is completely analogous to that in the lep-

if (d/dt)ALAU has off-diagonal components. We have  ton sector, and we find
]
o Amé (M,
Woiny Wi, (Ms) = 21:—-~Lﬂ/_f)wgﬂﬁ W, (Ma), (A14)
mf; (Ms) 33
e Am? (M(;) .
t I, D 1
Wppa, Why,, (Ms) = e™? bmw re: Whg, M) (A15)
We now turn to Wy, Wg,. Let V7 (t) be the matrix diagonalizing ApAl(8):
RS
AvAl(t) = Vg, (A0 ). (A16)

In the superﬁeld basis in which )\UA is diagonal, the squark mass matrix is mz* = VJr m ¥Vu,. Note as before that

my = (WU;, BWuy,)si = Wu,,, T/VUL Am},, and so were are interested in (d/ dt)rn, 2"‘ Now,

d ~ 2k i * d d 2*
d—t-mf;, = (—:l—t(VULm% VUL) = (dtVUL) m VUL + VU d Q VUL + VULmQ dt VUL
= [~z=~ Vg dtVUL] +VJL pra A (A17)

The second term is the analogue of what we have already seen in the lepton and right-handed quark sector; using the
RGE for m2Q*, we find, to leading order,

d o '
(VJ.L - 5VUL)3_ = —(A} + M)y, (A18)
Now, VJL (d/dt)Vy, is obtained from the RGE for AUAL. Actually, note that
d d 52 d
VJL (Et-o\y)\}}) Vu, = [VJLEVUL’AU:I + ahu:, {A19)

so that only {VJ . (d/dt)VUL,Xg] is determined. (This is a reflection of the fact that V7, is not unique: Let X (¢) be
any unitary transformation leaving mhj(t) invariant: m3(t) = X1()mZ(t) X (t). In our case, X(t) is most generally
a U(2) matrix in the first two generation subspace. Then, if Vi, diagonalizes mQ , 80 does Vi, X. Under this
change, VJL (d/dt)Vyy, is not invariant, but [VJL (d/dt)VuL,Xg]_ is invariant). Further, since we neglect the first
two generation Yukawa eigenvalues, [VJL (d/dt)VUL,i?;},-j = 0 for ¢, = 1,2, and only [Vrj’;, (d/dt)VUb;xg]ai(i3) =
(:F))\EVJTL {(d/ dt)VJms(m is determined, and we can choose all other components of Vi L (d/dt)Vy, to vanish. From the
RGE for AyAl, '
d " ,
(Al = 600N + 2T - $af - 208~ HoDdudl + Dl Aoab,

95 — 3958 — (A20)
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we find
“.[VJL (%AUJ\L) VUL] o {30, VmAp Vilybsi
= A2 A2 VieMas Vibnay, (A21)
and thus
(VJL%VUL“) = AWy, Vicatss- (A22)
Thus to leading ordgr
[VJ,, mj Vo, Vi, C%VUL] L= TAmeN Vida, Victss (A23)
and fivally we have
- %(WUL&_ W, AmB) = (A + )W, W, Amb + Vi, Views, Am. (A24)
Similarly, we find
- %(WDLM W), Amd) = (A + X)Wp, W, Am + A Vi, Vims, Amd. (A25)

We can formally solve the above equations, e.g.,

Mq Vibu. Viem AmZ,(Mg)
W, .W‘f Mg)=expl— L+ I+ d#' A2 KMo, 33 Q
Uy ULgs ( s) P [ ( t b Ms b WUL_:,‘- Wg}bsa Asz (MS)

Wy, Wi, (M), (A26)

Urgs

and, to a good approximation, given that Wy, = does not scale very significantly, we can replace
; g PP g » y sig ¥, P

Mo Vi, Vi Vi Vi
[ gt g, K TR0 (1), (A27)
Ms WULsi WUL“ WULa.' WUL%
So an approximate solution of the RGE for Wy, , Wp, is 7
Vi, Viem Amb(Me)
Wy, Wi (Ms)mexpd — [L+ 1 [ 14+ M =758 (3, 2 Wy, W (Me), A28
Y Ve ( S) ? { [ ' ’ ( WULa:‘ [11;1433 ( G) Asz (MG) Vs Viss ( ) ( )
and similarly
Wy Wb, )~ o = 11 (1 T2t g ) | S8, i, ). (a0
WULae Upgy Q o

The above results are in agreement with qualitative expectations; the extra terms in the exponential of (A28) and
(A29) are a reflection of the fact that the bases in which Ayl and ApAl, are diagonal change with scale. For
moderate tan3, however, we expect that the basis in which )\U,\L is diagonal should not change with scale, and in
this limit the extra term drops out of (A28).
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