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I. INTRODUCTION

In a recent series of papers (1, 2|, the author in collaboration with S. Nandi began a
program to construct a viable model for the fermion quark and lepton masses and mixings
at the supersymmetric grand unification scale. The program envisaged by us has evolved
in three stages, beginning with a bottom-up approach which ensures accurate results for
the known low-energy data without introducing an undue amount of theoretical bias at the
outset. This is to be contrasted with most theoretical model construction which has been
carried out by various authors [3] using a top-down approach. In that case, some well-defined
theoretical principles are selected at the outset with the model parameters then picked to fit
the known low-energy data as well as possible.

The general framework chosen by us was that of supersymmetric SO(10) grand unifica-
tion (SUSY-GUTS), since this appeared to give the most satisfactory explanation for the
unification of the standard model gauge couplings [4] at a high energy scale of the order of
10'® GeV, as well as accommodating the 16 fermions of each family in a simple represen-
tation of the gauge group. The low energy data for most quark and charged lepton masses
as well as the quark Cabibbo-Kobayashi-Maskawa quark mixing matrix [5] are reasonably
well-known [6], while various scenarios must be entertained at this time for the neutrino
masses and mixings according to which experimental results one is willing to accept at face
value.

The first bottom-up stage [1] of our program for a given scenario then consisted of evolving
[7] the masses and mixing matrices to the SUSY-GUT scale, where the up, down, charged
lepton and neutrino mass matrices can be constructed by making use of Sylvester’s theorem
[8]. Two free parameters, one for the quark sector and one for the lepton sector, which
control the choice of bases for the mass matrices were tuned and different neutrino scenarios

selected to search for mass matrices exhibiting simple SO(10) structure. For this purpose,



complete unification of all third family quark and lepton Yukawa couplings was assumed
[9] corresponding to a pure 10 Higgs contribution to the 33 mass matrix elements, while
simplicity in the sense of pure 10 or pure 126 Higgs contributions was sought for as many
of the other mass matrix elements as possible. This choice of procedure was influenced by
earlier work such as that of Georgi and Jarlskog [10], where the 33 mass matrix elements
transformed as pure 10’s and the 22 elements as pure 126’s. We are aware that level-5 126
S$0O(10) multiplets do not arise naturally in superstring models [11] and must be treated as
effective operators; hence such a model should be treated as an effective theory at best. We
shall return to this point at the end of Sect. II.

The simplest SO(10) structure at the SUSY-GUT scale was obtained in the neutrino
scenario incorporating the Mikheyev - Smirnov - Wolfenstein (MSW) [12] nonadiabatic reso-
nant conversion interpretation of the depletion of solar electron-neutrinos [13] together with
the observed depletion of atmospheric muon-neutrinos [14]. In this scenario, no eV-scale
neutrino masses exist to contribute a hot dark matter component to mixed dark matter [15};
moreover, since no sterile neutrinos were incorporated into the model at that time, in the
version under consideration we are unable to explain the 7, — 7. mixing results obtained by
the LSND collaboration [16]. The mass matrices constructed at the SUSY-GUT scale have

the following textures

MY ~ MNpirse ~ diag(126; 126; 10) (1.1a)
10,126 10,126 10/

MP ~MF~ {10126 126 10’ (1.1b)
10/ 100 10

with ME, ME and ME anomalously small and only the 13 and 31 elements complex. En-
tries in the matrices stand for the Higgs representations contributing to those elements. We
assumed that vacuum expectation values (VEV’s) develop only for the symmetric represen-

tations 10 and 126. The 10’s contribute equally to (MY, MP) and (M¥oirec ME) while



the 126’s weight (MY, MP) and (M¥pirec) ME) in the ratio of 1 : -3. The Majorana
neutrino mass matrix M®, determined from the seesaw formula [17] with use of M¥pirec and
the reconstructed light neutrino mass matrix, exhibits a nearly geometrical structure [18]

given by
{ F —VFE FC \

MR~ -V/FE E —VEC (1.1¢)
VvFC -VvVEC C

where E ~ %\/F_C; with all elernents relatively real. It can not be purely geometrical,
however, since the singular rank-1 matrix above can not be inverted as required by the
seesaw formula, M¥ets o~ — MNDirac( MR)=1 MNDirac.

In the second stage (2] of our program, we attempted to find a model incorporating a
family symmetry which yields the above matrices determined phenomenologically from our
bottom-up approach. Success was obtained by introducing a global U(1)r family symmetry
[19] which uniquely labels each one of the three light families, as well as conjugate pairs of
heavy families and various Higgs representations. In addition to controlling the evolution
of the Yukawa couplings from the SUSY-GUT scale to the supersymmetry-breaking weak
scale, the supersymmetric nature of the SUSY-GUT model played a key role in that the
nonrenormalization theorems [20] of supersymmetry allow one to focus solely on Dimopoulos-
type tree diagrams {21}, in order to calculate the contributions to the mass matrix elements.
With twelve input parameters in the form of Yukawa couplings times VEV’s, the numerical
results obtained for the 3 heavy Majorana masses and 20 low energy parameters for the
quark and lepton masses and two mixing matrices were found to be in exceptionally good
agreement with the low energy data in the neutrino scenario in question as shown in [2].

In this paper the author has pursued the third stage of the program which is to construct a
consistent supersymmetric grand unified model of all the interactions in an SO(10) x U(1)r

framework. A number of important issues [22] must be addressed such as the anomaly-



free nature of the superpotential, the requirement that supersymmetry remain unbroken at
the SUSY-GUT scale and only effectively broken at the electroweak scale, the requirement
that all colored Higgs triplets become superheavy, so that proton decay remains sufficiently
suppressed while only one pair of Higgs doublets remains light to break the electroweak
symmetry and to preserve the good prediction for the electroweak angle in sin® @y . The
evolution equations for the gauge and Yukawa couplings should also not be greatly altered
by the presence of any extra light fields in the model. In this paper we shall address these
issues and show that some degree of success is achieved. In addition, we find that a Landau
singularity develops slightly above the SUSY-GUT scale as a result of the plethora of conju-
gate pairs of supermultiplets present in the model. Some indication of the type of splitting

of the squark and slepton masses is also gained from the nonuniversal D-term contributions.

II. SUPERMULTIPLETS AND HIGGS SUPERPOTENTIAL

In order to build a satisfactory supersymmetric model [22], we require that the super-
potential be analytic and anomaly-free. For this purpose we replace the fermion and Higgs
SO(10) multiplets by chiral supermultiplets and double the number of supermultiplets with
non-zero U(1)F charges by adding supermultiplets with equal and opposite U(1)r charges.

We begin by listing the fermion and boson fields introduced in the SO(10) x U(1)F model
in the second stage of our program.

¢ Left-Handed Fermion Fields:

16y, i, w{™ (2.10)

16: f: —0.5, 10, 2.0, 4.0, 4.5, —45 —7.5  11.0, 12.5,

1.5, —6.0, —6.5
_ (2.15)
16: f<: 0.5, —1.0, —2.0, —4.0, —4.5, 45, 7.5, —11.0, —12.5,

-1.5, 6.0, 6.5



We have identified with a subscript the three light fermion family fields belonging to the 16
representations of SO(10) and indicated their assigned U(1)r charges with a superscript,
while for the conjugate superheavy fermion fields we have just listed their U(1)F charges.
The corresponding Higgs boson fields comprise the following:

e Higgs Fields:
10: HT®, g
45: AP9 409)

126: A®), A2
1: SO, 59

(2.1¢c)

As customary, for each of the above fields we introduce a chiral superfield with the same

U(1)F charge and components as indicated:

W o= (i, Pi, Xwi)s 1 =1,2,3

F: = (fu fi x1); t =1-12

F. = (ff ff xse) i =1-12

H, = (H;, H, x&), i =12 (2.2)
A = (A, A xa) v =1,2

A = (A, A, xa), A = (&, A, xa)

Si = (Si, Si, xs:); t =12

All chiral superfields are taken to be left-handed SO(10) supermultiplets; the tildes indicate
superpartners of the ordinary fermions or bosons with odd R-parity; and the x’s refer to the
corresponding auxilary fields.

In order that the superpotential to be constructed will be analytic and anomaly-free, we

double the superfields containing the ordinary Higgs scalars by introducing superfields with



the opposite U(1)r charges and conjugate SO(10) representations:

ﬁi = ( ) E{i) X}_Ii)a 1 = 1,2
Ai = Ai) zi) A;/)» 1 =1,2
( ’ XA.) ) (2.3)
A = (A7 A, XA)) Al = (A’) Al, XA')
gi = (S't') g-'i: X§¢)7 1 = 1)2

Since the sum of the U(1)F charges for the three light fermion families is zero, the [$ O(10)* x
U(1)r triangle anomaly vanishes. The remaining [U(1)r]? triangle anomaly can be canceled
with the introduction of two singlet (sterile) neutrinos, n and n°, both with U(1)f charge of
-12 which prevents them from pairing off and becoming superheavy [23]. The corresponding

superfields are

N = (ﬁ,, n, Xﬂ) (2.4)

N = (7% n° Xn<)

In addition to the analyticity and anomaly-free requirements for the superpotential, we
must ensure that many fields become superheavy at the SUSY-GUT scale Asgyr, while
three fermion families of 16’s remain light. Moreover, just one pair of Higgs doublets should
remain light [24] to ensure a good value for sin® 8w, while all colored Higgs triplets must
get superheavy to avoid rapid proton decay via dimension 5 and 6 operators (25]. This
can be accomplished by introducing some additional chiral Higgs superfields transforming as
S0(10) representations which do not participate in the Yukawa interactions for which the
original §0(10) x U(1)r model was constructed.

To help identify a suitable choice of additional superfields, we elaborate the maximal



SU(2)r x SU(2)r x SU(4) subgroup content of various SO(10) representations [26].

H 10
A 45
3 54
A 126
A 126
P 210

(2,2,1) +(1,1,6)
(1,1,15) + (1,3,1) 4+ (3,1,1) + (2,2,6)
(1,1,1) +(3,3,1) +(1,1,20") + (2,2,6)
(1,3,10) +(3,1,10) + (1,1,6) + (2,2, 15) (2.5)
(1,3,10) +(3,1,10) + (1,1,6) + (2,2,15)
(1,1,1) +(1,1,15) + (1,3,15) + (3,1,15)
+(2,2,6) +(2,2,10) + (2,2,10)

This suggests that Asgyr scale VEV’s can be generated for each SO(10) representation while

preserving the standard model gauge group according to

1:
45 :
54 :
126:
126:

210 :

<S>
<A>
<>
<A>
<A>

<® >

ts1,1,1
Pay1,15 +qai3;
TO111
(2.6)
UR51,3,ﬁ

URré1 3,10

ap1,1,1 + bd11,15 + €h13,15

where the VEV directions in the SU(2), x SU(2)r x SU(4) subspace follow from (2.5) and

the coeficients are in general complex.

Higgsino doublets containing a neutral field are generated when the SO(10) represen-

tations break down to the standard model (SM) SU(3). x SU(2)L x U(l)y gauge group



according to

10 > (2,2,1) D> H, =

ot
| [}
N———

o

o
| o
N———

(2.7)
210 > (2,2,10) > &, =

() 2
6 5 (2,215 > A, = (6+>’ o (
()

. ¢°
210 O (2,2,10) O 94 ( )

Electroweak scale VEV’s are generated by Higgs scalars in the 10 and 126 superfields when
the standard model breaks to U(1).m and can give masses to the three families of fermions

in the 4; of (2.1a) according to

10: <H> = Uuh2,1,1 + 'Udhz,—l,l (2.8)

126 : <A> = Wyb21,1 + Wab2 ~11

Here the subscripts refer to the VEV directions in the SU(2); x U(1)y x SU(3). basis. As
noted earlier, just one pair of Higgs doublets should remain light at the electroweak scale,
so a good value for sin? fy is obtained. How this can come about is discussed in detail in
Sect. IIL

Higgsino colored triplets of charges +1/3 which can couple to a pair of quarks and a

quark and lepton and hence be exchanged in a diagram leading to proton decay appear in

10 > (1,1,6) > H, = R-V3  H; = R/3

126 O (1,1,6) D AM® = 18, AR - g3

126 > (1,3,10) o AW _ gnp3

—_ = (1,1,6) - = (1,1,6) - (2.9)
126 O (1,1,6) > A, = 6713, Af = §1/3

—— ={1,3,10 -

126 > (1,3,10) 5 A = g

210 O (1,3,15) O &, = ¢T3 & = ¢'/°



We shall discuss the issue of surviving light Higgs triplets in Sect. IV.
In order to generate a satisfactory higgsino doublet mass matrix, we find it necessary to

add the following Higgs superfields:

54: T (719 508 (=100 5(10) (2.10a)
210: &, &{7) {9 {1 1O (2.108)

To make all the higgsino triplets of type (2.9) superheavy, we introduce the additional Higgs
superfield:

45: A (2.10¢)

Finally, we must introduce the following Higgs superfields to guarantee F-flat directions, so

supersymmmetry is only softly broken at Aggyr as discussed in Sect. V.

45: AP ALY

_ (2.10d)
1- Sga.s), Sg_s.s)

We are now in a position to write down all the terms in the superpotential which conserve

the U(1)F charge. The Higgs superpotential for the quadratic and cubic terms is given by

Wf(fz) = po®Po®o + 11 P1P1 + 1P, 8, + paA'A' + peXoTo + pi 318 + J725 39 38

+ugAgAg + #;IAIAI + #'Z'Az-‘_xz + ll:gAsAs + #;"S1§1 + ll:g'szgz + #g'saga
(2.11a)

WS = M@oBo®o + M B8, B0 + 188,80 + 13D B,85 + A, B, B, B,
+00P0PoZo + p1 21810 + 0282 D250 + 938,185, + 0B, B, %,
+poPoPoAo + p1B1P1 A + p4 B2 P2A0 + 00T Te S0 + 15151
+025: 5,50 + 05 TeTo Ao + 0, 12140 + 045555 A0 + oA AP

10



+r1A1A1P0 + £2A2 AP0 + £3A3A3P0 + k)AGAGTo + K A1 A1 S,
+r5A2A:80 + k3A3A3T0 + k4As AT + kLAAE; + k1A0AcA,
+K{A1A Ao + k§A; A2 A0 + KYASASA + 0 AAS, + AAA,
b A’AD + njA'AAg + nAH By + 1, AH; @, + s AH,L S, (2.118)
+7AH, @, + 6 H,H, 36 + §H, H, T + 6H,H, T, + §,H,H, X,
+6:H 1 H, 35 + 66H, H, 8, + S H Hy A + 8 HHaAg + 70A0A A
+71A0A1A1 + 12A0A2A; + 13A0AsAs +6,5,5,5; + €25:5,Ss
All the p parameters in (2.11a) are taken to be of order of the SUSY-GUT scale. We have
not introduced corresponding superheavy mass terms for the H,, H,, H,, H, and A, A
superfields in order to keep components of them light. As shown in Sect. III, we shall
introduce a Z, discrete symmetery in order to place further restrictions on the terms which
can appear in the superpotential.

The result of having so many Higgs and matter superfields in the model is to introduce a
Landau singularity between the SUSY-GUT scale and the Planck scale. But this should be
the case, for the model is to be considered only an effective theory at best. As pointed out
earlier, the level-5 126 SO(10) multiplets do not arise naturally in superstring models [11]
and must be treated as effective operators. In order to see the origin of the singularity more
quantitatively, we note the one-loop approximation to the renormalization group equation
for the running SO(10) gauge coupling is given by

dg 1
d_;o = 1672 [N1o + 8 Nys + 12Ns4 + 35(N1ze + Nizg) + 56 N2y + 2(Ns + Nig) — 24) gfo

(2.12)
Wlth N]_s = ].5, Nﬁ = 12, N10 = 4, N45 = 7, N54 = N210 = 5, and N125 = N;,. = 2, we

126 —

find a Landau singularity arises at the energy scale

[ 4n” ] (2.13)
= €X — .
T oS | 98562, (o)

where p10 = Asgur ~ 2x 10 GeV. With a gauge coupling of g10(u10) = 0.67, the singularity

11



occurs within a factor of 1.5 of the SUSY-GUT scale. This value is close to the mass scale
assumed in (2] for the mass of conjugate fermions which pair off and get superheavy and enter
the Dimopoulos tree diagrams for the fermion mass matrix contributions. The suggestion
then is that the model, representing an effective theory, perhaps arises from a superstring
theory which becomes confining within tv}o orders of magnitude of the string scale. The
higher-dimensional Higgs representations that appear phenomenologically in the model can
then be regarded as composite states of the simpler confining theory holding above the
singularity. The possible existence of an infrared fixed point structure at an energy scale
beyond 10'® GeV has been suggested and explored in models without grand unification by

Lanzagorta and Ross [27].

III. ONE PAIR OF LIGHT HIGGS DOUBLETS

We now address the issue of how one can obtain just one pair of light Higgs doublets,
in order to preserve a satisfactory electroweak scale value for sin? §y in evolution from the
grand unification scale [24]. For this purpose we use the technique of Lee and Mohapatra
(28] by constructing the doublet Higgsino mass matrix.

As indicated in (2.7), Higgsino doublets arise from the 10,126,126 and 210 represen-
tations of SO(10). If we drop the tildes and order the bases for the columns and rows,

respectively, according to

Bu = {Qlu) @lu; Q21.4) éZm ¢Ou, A:‘, A:‘, Au) Au; Hlu: I_{luy H2u; I-{2u}

_ B B (3.1)
By = {®14, B4, B24, Do, Boa, DYy Ay Ag, Du, Higy Hig, Hoa, Hod)

we find the 13 x 13 matrix separates into two block diagonal pieces, the first 7 x 7 and the
second 6 x 6. Since the first submatrix is full rank 7, the first 7 Higgsino doublets all become
superheavy. In order for just one pair of Higgs doublets to remain light at the Asgur scale,

the second block diagonal matrix must be rank 5.

12



To achieve that goal, we first introduce a Z, discrete symmetry [29] whereby the following

superfields are assigned the quantum number -1:
‘51) QZ) 62) 22) Aa AU) AS) A; (32)

while all other superfields are assigned the quantum number +1. If we then demand that the
allowed Wf(f ) cubic superpotential terms respect the Z, symmetry, while the WI({2 ) quadratic
superpotential terms are allowed to violate it softly, [30] (2.11a) remains unchanged and is

repeated here for convenience

Wf({z) = po®o®o + 1 P181 + p2®2Ps + s A'A' + ppTeTo + pi T Xy + py B %,
+uoAoAg + ui A, A+ ulALA; + piAsAg + pt'S:S: + 1S,8, + 14'SsSs

(3.3a)
while (2.11b) reduces to
W = A@o®o®o + 2 P28:P0 + 1381 D28 + poPoB0To
4028850 + p38:1 825, + 0B ®1 5, + 0[P D1 A
+00T0ToT0 + 1Z1 810 + 052 T2A0 + K0A0A0D,
+r1A1 AP0 + K2 A2A 280 + k3A3 AP + KHA0 AT, (3.39)

+K,1A1A1 20 -+ K;Az“izzO + K;A;A;Eo + K;A;Aazl
+xLAALE; +mAAAL + 7 A'A'®y + 1 AH, Dy

+T25FI1‘1’1 + TsAHz‘i’z + 51H1ﬁ120 + 52H2ﬁ220
+6H,H, %, + 6,H,H. X, + 6H, H, 2, + £151525s + £25:5:Ss

The two terms p;®;®; and u;z,i, of (3.3a) violate Z, invariance and break the Z; sym-
metry softly.
We shall assume that the VEV for Ag, < Ao >, which helps to make all colored Higgsino

triplets superheavy does not contribute to the doublet Higgsino mass matrix as explained in

13



Sect. IV. The 6 x 6 doublet Higgsino submatrix then becomes

0 0 0 ﬁ'rz(b1 +c1) 0 0
0 0 Z3ni(b + @) 0 Zma(ba+2) 0
My = ﬁ’fz(lh —a) 8170 0 ) 0
ﬁn(zl - &) 0 0 b:17o 0 0
0 0 0 0 6270 847y
\ Zzm3(8 — &) 0 0 8572 631 8270 )
(3.4)

We have used the notation of (2.6) for the VEV’s involved. If we assume the chiral symmetry
is broken so some ¢; # 0, and in particular that & = —b, while ¢ # +by, the 23 element of
the above matrix vanishes, and we obtain a rank 5 matrix. The massless Higgsino doublet

at the Asgur scale is then given by

H, = a1, + arsHy,, (3.5a)

while the other massless Higgsino doublet is obtained from the transpose of My and is found
to be
Hy= ol A+ yBDu+ o Hyg + oy Hog + o Hoa (3.5b)

The coefficients in the two expansions are related by

a1z = —V2(6170)/(2(b1 — €1))aus (3.6a)
and by
odr = —V2/(na(b + 1)) [Esr2 — Siroms(b; — &)/ (na(By — &))] e
alp = -\/5-/(73(1’2 + Ez)_) (6571 — 8378/ (6ar1)] 6 (3.66)
oy = —73(ba — &)/(ra(by - &)
afy = —&7o/(6sm1 )t

Note that by our choice of chiral symmetry breaking, & = —b,, for the VEV’s of &,, the

corresponding Higgs doublet H, has components only in the A, and Hy, directions, and can

14



contribute only to the diagonal 33 and 22 elements of the up quark and Dirac neutrino mass
matrices in lowest-order tree level as a result of the U(1)r charges. On the other hand, the
Higgs doublet H; has components in the Ay, Ay, Hyg, Hq and H,y directions, with lowest-
order tree-level contributions to all four (33, 23, 32 and 22) elements of the down quark and
charged lepton mass matrices. This helpsAto explain how it is possible that the basis with
up quark and Dirac neutrino mass matrices diagonal can be selected as the preferred basis
leading to simple SO(10) mass matrices. For details see Ref. (1, 2].

The other Higgsino doublets are superheavy and are general linear combinations of all

six basis vectors in the subspace.

Hiw = ailAu + QiZBu + a{aﬁm + aufzfm + ai5f12u + Olief:fzu, 1=2,3...6 (3.7a)

Hia = a;IZ:&d + oA+ a:;:,i?w + ol Hig + aésﬁzd + algHya, 1=2,3..6 (3.7b)

By inverting Eqgs. (3.5) and (3.7), we obtain with suitable normalization

- . 6 -
Ay =alHi+ ) ahHi (3.8a)
=2
- - 6 -
Hlu = a;3Hu + Z a:3Hg'u (38b)
1=2
- = - - 6 -~
Auy Hlu) 2u; H2u = Z a:';H{u, k= 1, 4, 5, 6 (38C)
=2
and
= -~ 6 -
Ay = Ha+ > oliHaa (3.9a)
=2
-~ B 6 -
Ag = a’;sz + Z a:;'}‘f,‘d (3.9b)
=2
= 6 -
Hyq = Z aiHia (3.9¢)
1=2
- -~ 6 -
Hy = C!’l;Hd + Z aﬂ?{,-d (3.9d)
1=2
= - 6 -
Hy = o Ha+ ) aisHi (3.9¢)
1=2

15



6
Hyg = a;‘st -+ Zag ; (39f)

1=2
The superheavy fields decouple at the Asgur scale, and electroweak VEV’s are generated
only by the light Higgs doublets as follows:

<Ay> = aj, < Hy, >, <Hyy> = aj3<Hy>

Ag> = oty <Hyg> <Ag> = oy < Hy>
" ’ (3.10)

< Hyg> = a’1‘4<H4>

<Hy> = o< Hyg>, <Hy> = ofy<Hi>

We observe from the above that one pair of light Higgs doublets makes several electroweak
tree-level VEV contributions as found earlier in our SO(10) x U(1)r model summarized in
Sect. 1. Since the 10 VEV’s, < H,, > and < Hyq4 >, contributing to the 33 mass matrix
elements are considerably larger than the 10’ and (126 VEV’s, it is clear from the above

that H, and H; point mainly in the 10 direction.

IV. SUPERHEAVY HIGGS TRIPLETS

We now turn our attention to the Higgs doublet-triplet splitting problem. The point
1s that unless all Higgs triplets get superheavy, too rapid proton decay can take place by
the exchange of a Higgsino color triplet leading to a dimension-5 contribution or by the
exchange of a Higgs color triplet leading to a dimension-6 contribution to proton decay [25].
This problem can be alleviated through the Dimopoulos - Wilczek type mechanism [31].

The Higgsino triplets appear in the representations singled out in (2.9). We thus choose to

order the bases for the triplet Higgsino mass matrix as follows where we again have dropped
tildes:

Bu = {Qlt; élt, @2t7 52“ QOt; A:(l,l,s)) A;(LI'G): 52(1,3,10)7 (41 )
.1a
Agm,e)’ AEM’G), A(1,3,1o)’ Hy, Hyi, Ho, H2t}

16



and

By = {51,-, &7, Por, D2r, Do, A;‘(m's)’ A:'(Lm)’ A:_(I'Q‘YI_O)’ (4.1b)
Aﬁ-"l's’, As_m,e), Ag,a,ﬁ)’ His, Hiz, Hy, ng} .
We now assume that the Dimopoulos - Wilczek type mechanism operates, as the VEV

for A, takes the form
< Ag >= dzag(O, 0, a, a, a.) & € = pod1,1,15 (4.2)

where € is the 2 x 2 antisymmetric matrix. This contributes to the colored triplet Higgsino
mass matrix but not to the doublet Higgsino mass matrix given in (3.4). Again we find
that the colored triplet Higgsino mass matrix splits into two block diagonal submatrices of
dimensions 8 x 8 and 7 x 7 in terms of the bases given above. The first is trivially full rank,

while the second assumes the following form:

Mp =

71P0 0 0 0 \%Tz(al + b1) 0 0

0 MPo 0 Hma +b) 0 J7m3(@2+8) 0

0 0 71Po TGy 0 T3Cy 0

0 %Tz(al —b) ma $170 0 8573 0

Z571(a1 — by) 0 0 0 8170 0 0

0 0 0 0 0 82T 6471

'\%T;;(&z - 792) 0 0 0 6572 6171 ba10 /
(4.3)

By inspection the above matrix is also full rank, so all color triplet Higgsinos become su-
perheavy. Thus splitting of one pair of doublet and triplet Higgsinos is achieved through
a Dimopoulos - Wilczek type mechanism. The important point is that < Ag >= Pol1.1,15
does not contribute a mass term to the (m)(2,2, 15) Higgsino doublets, since the SU(4)

Clebsch-Gordan coefficient yielding an antisymmetric 45 representation vanishes [32].
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V. GUT SCALE CONDITIONS FOR WEAK SCALE SUPERSYMMETRY

We now turn our attention to the subject of weak scale supersymmetry and the conditions
which must obtain for the supersymmetry to remain unbroken at the Aggyr scale. We are
referring to the conditions which preserve some F-flat and D-flat directions for which the

minimum V = 0 of the scalar potential is maintained [22]. This requires that

V(gD = SIRE + S (5.1a)

vanishes for the directions singled out by the VEV’s of the scalar fields. The sum goes over

all fields present in the Higgs superpotential, where

ow

R = _8?:1 = ——g¢l tJ¢J (Slb)

For the purposes of this Section, we have ignored any explicit soft supersymmetry-breaking
terms.

The F-terms appearing in (5.1) then involve the following derivatives as indicated by an

obvious shorthand notation:

Fg,, Fs,, Fg,, 1=1,2

Far, Fgi,

Fy,, Fy;, Fg,, i=1,2 (5.2)
Fay, Fa;, Fi,, i=1,2,3

Fs,, Fs;, Fg,, 1=1,2,3

In Appendix A, we write down the F-flat conditions in terms of the VEV’s appearing in (2.6)
and keep only those terms whose Asgyr VEV’s are non-vanishing (33]. For {Fs,, F 3.} and
{Fa;, F3,} for each i there are three and two conditions, respectively, since the coefficient
for each possible VEV direction must vanish. For Fg; and Fg,, two conditions also arise, for

the contributions point not only in the o1, direction, but also in the s;,,; direction. Note
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that the conditions allow all the masses present in (3.3a) to be superheavy, while the VEV’s

in (2.6) are also near the Aggur scale. No F-flat directions are lifted in so doing. Nor are

any Goldstone bosons introduced by the SO(10) symmetry breaking.

In order for po # 0, go = 0 to be satisfied so all colored Higgs triplets are superheavy

while one pair of Higgs doublets can remain light, the second condition in (A13) requires

that we set c; = 0. Consistency of the remaining conditions is easily maintained by setting

Az = 0. Some additional simple relations that follow are

ay 3 b1 Cq
M 2 _ea :

a2 2 bz C2 (5 30)

81 3b &
2o 2262 5.3b
a2 2 bg 52 ( )
pat2(82/d1) = para(az/ay) (5.3¢)
p3/Ps = 93/@s (5.3d)
KyT1D3 = KgT1D4 (5.3¢)

1,11 1
- — = 5 5.3
Ha 107]0 [\/60«0+ \/2 0:| ( f)
, 1
B = — m“ﬁ@lﬂa 243)/71 (5.39)
#'2 = \/lﬁp4(¢116.1 + 6151 -+ C]El)(Cz/le'z) (53’7-)
2 2+/2 ;
Ky/K1 = Ky/Ka = K3/Ka + 2(kyT1p3)/(K3roP3) = |: gao \/\_/_bo} (5.31)
2 :
po= — mfiobo \/15'507‘0 (5.37)
s = i) e = s = 3 | —sbo+ —a (5.3k)
1 1 2 2 3 3 \/2 0 \/6 .

pi'tity = po'taly, = pg'tats (5.310)
The additional restriction that 5, = —&;, needed to ensure that only one pair of Higgs

doublets remains light, further implies that 4b, = &,. No restrictions are found on p;, 7, g, &

for 2 = 1,2 which appear in the VEV’s of the 45’s needed to break the SO(10) symmetry
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down to the SM at the Aggyr scale. Several special cases of interest for the 45 VEV’s in

addition to that employed for Aq in (4.2) are the following:

< A454 >= dia'g(QJ q, 0: 01 0) Q€ ~ qai 31
< A45x >= dia.g(u, u, u, u, u) Q€ ~ (\/gal,ms + \/501,3.1) u
(5.4)
< A45Y >= dia.g(3u, 3U, —2‘11., —2u, —2‘u,) Re ~ (\/30.1,1’15 - \/501,3,1) u
< Ay4sy, >= diag(3u, 3u, 2u, 2u, 2u)Qe ~ (\/50-1,1,15 + \/gal,m) u

In [2] we have chosen the VEV’s in the Ays, and Ay, directions to be non-vanishing, so
the SO(10) symmetry is broken directly to the SM: SO(10) — SU(3). x SU(2); x U(l)y.
While such VEV’s appear to be allowed by our analysis, unfortunately they are not uniquely
singled out.

If we gauge the U(1)F family symmetry, D-terms can arise from the spontaneous breaking
of the U(1)r and SO(10) at the SUSY-GUT scale and involve only Dr and Dy, if S50(10) x
U(1)r breaks directly to the SM as we have assumed in [2]. These terms will vanish in
the limit that the soft supersymmetry breaking terms are neglected, as the VEV’s for the
conjugate fields ¢; and ¢; which break the U(1) symmetries become equal. We shall address

the soft supersymmetry-breaking in the next Section.

VI. SOFT SUSY-BREAKING CONTRIBUTIONS

Here we present the supersymmetric part of the scalar potential which applies when the

supersymmetry is softly broken:

1
V({¢:}) =X IR+ 52 1D + Vaose (6.1a)
where
aW a * a

The soft SUSY-breaking part of the scalar potential, so far as the Higgs mass terms are
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concerned, is given by
Viee = mi|%of? +m2|8? + 2182 + m3Sal? + 73 Bal? + mEAP 4 mAA
MG | Dol + mP|Tal? + APIE1 P + mP|Ds)? + WP, + mi?|Aof?
+m? A + A A )? + miP Aa P + P A2 + miP|As)? + i AP (6.2)
+m?|51? + Y2512 + my?|Sa[? + 152|507 + my?|Saf? + 4?5 ?
A HL? + mal Haf? + mi(es HHD + hc.)
The D-terms include contributions from the broken U(1)r and U(1)x, as well as the SU(2)y

and U(1)y, which are given by

Vo = ik 205 = I5:7) + 6.5(1S2I - 152[%) + 8.5(1S[" — 15a?)
+3.5(1A1]* — |41 [?) + 0.5(] 4[> — |4, 2) — 16(IZ41 7 — |£4]2)
—10(Z2]? = [E2[?) — 20(|811% = [21[%) — 10(|®2|* — [$2]?)
+22(]A7 — A1) = 2(|AP - |A]*) - 18(|Hy P — |H4[?)
~8(|Hal? — [HP?) — 84 |* — [l + 912 (63)
+39% [~10(1A72 — |A2) — 2(1A] ~ |A) + 2 F? — |Baf?)
+2(|H — | B + .
+30% [|Hul* + | Hal* — 2| H,|*| Hal? + 4| H} Hyl?]
597 [|Hul* + |Hal* - 2|Hu[*| Hal?]
Once the soft SUSY-breaking masses are allowed to become nonuniversal, sizable D-term
contributions to the scalar potential can result. The F-terms can be found by differentiating
the last few terms in (3.3b) which are linear in one superheavy field with respect to that
field. We find
Vr = |mAH|? 4+ |nAH ? + |6:Hi Hy + 8 Hy Hy|? (6.4)
+|83Hy Hy |2 4+ |63 Hy Ho|? + |65 Hy Ha |2 + [ AAJ?
Upon minimizing the full scéla.r potential, one finds the VEV’s generated for the scalar fields

and their conjugates become unequal provided some m?’s are driven negative as shown in

[34]. Supersymmetry is broken along a nearly D-flat direction with |m| = O(1 TeV).
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By making use of (3.8) and (3.9) to replace the original Higgs doublets by the pair H,
and Hy which remains light down to the electroweak scale and integrating out the fields
which become superheavy, we find the scalar potential for the Higgs sector can be written

as

V(Higgs) = m2(HYH.)+m3(H}Hs) + m2y(ei; HLHS + h.c.)
+1(9% + ¢7) [(HIHL)? + (H}Ha)? — 2(HLH,)(H}Ha))| (6.5)
+(39° + ¢*) | HI Hal?
Despite the apparent non-minimal nature of our model at the SUSY-GUT scale due to the
presence of many Higgs contributions, since only one pair of Higgs doublets survives at
the electroweak scale, the scalar potential at that scale is similar to that of the minimal
supersymmetric standard model. Thus the good result for sin® 8y achieved in the MSSM
1s maintained, and the evolution of all the gauge and Yukawa couplings from Asgyr is

unaltered.

In integrating out the superheavy fields, one also finds nonuniversal corrections to the

squark and slepton fields given by

Am? = QraDr + Qx.Dx (6.6)

in the notation of Kolda and Martin [34], where the @’s are the U(1)r and U(1)x charges
and the D’s are parameters which summarize the symmetry-breaking process at the SUSY-
GUT scale. The main point we wish to make here is that the first and third family squark
and slepton masses will be split further away from their universal values than the second
family, due to their larger U(1)r charges. Recall Qr = —8, —1, 9 for the first, second and
third family, respectively. Which family emerges with the smallest mass depends on the sign
of Dp. In any case, the splitting will be limited by the present experimental constraints on

flavor-changing neutral currents.
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VII. YUKAWA SUPERPOTENTIAL

The superpotential for the Yukawa interactions can be simply constructed from the su-
perfields introduced earlier, where every term remains invariant under the U(1l)r and Z,
symmetries. For this purpose we assign a Z, charge of +1 to each of the matter superfields
¥;, F*) and ). We then find for the Yukawa superpotential

Wy = 0¥ ¥sHi + gior {[¥2¥s + F49IF029) 4 FOF® 4 FONETS) H,
+ [F(—O-S)F(—T-S) + P@s)E(-12:5) o F(-4)F(—4)] f{z}

+ Gize [W:\Ilz + F(-O)F(®) 4 F(4-5)F(-6-5)] A + gioer [F(“>F(“)A' + F(-“)F(-“)A']
ghs {[q;li‘(w) + WF(-125) 4 F(I)F(-4-5)] A, + [q,z}?(«t-s) + F<4-s)p(—1)] Al}
g {[11;21'?(0-5) + P, FS) L POF(-15) 4 POR((-45) L FOSF(-2) 4 F(—&s)p(e)] A,

+ [F(2)F(—1-5) + FASF(-4) 4 FOSF(-D 4 F(—G)F“(G-S)] Az}
+ g {[‘I’;f‘('u) + ‘I’zF(—l) + ‘I,IF(G) + F(-08)F(-1.5) L pOF(-4) 4 F(—s.s)l‘;\(4.s)] S,
+ [F(4)F(—2) + F(-45)f(6s) F(l.S)F(o-s)] gl}
+ g {{[FUIFC) L PR s, 4 9,579 4 FOFGS) £ FUVF(-49)]§,)

+

g [Fa)F(—m-s) + F(-48)F(-4) 4 PC79)E(-1) 4 F(—s-s)ﬁ(—z)] Ss
+ [FOOFCS) 4 FOF6ES) 4 F@f@es) F(”'s)f‘("‘)] 53}
+ G20 [F(—O-S)F(O-S) + FOFGEY) L FOFG2) L FOF(-4)
+F@ESF(-45) 4 F(-45)F(45) L F(-75)F(75) L FODF(-11)
+ F(28)(-12.5) 4 pO5)F(-1.5) 4 F(-6)F(6) 4 F(—6-5)F(5-5)} &,
+ o [F(IZ.S)F(T.S) ®,
where we have assumed the Yukawa couplings are real. All but the last three terms involving
(S, ®, and ®, have previously appeared in the SO(10) x U(1)r model constructed earlier in
[2]. These new terms can alter the numerical results previously obtained in that reference if

their corresponding Yukawa couplings do not vanish; their effects will be discussed elsewhere.
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VIII. SUMMARY

In this paper, as the third stage of an extended program, the author has attempted to
construct a consistent supersymmetric grand unified model in the SO(10)x U(1)F framework,
based on the results obtained earlier with a bottom-up approach carried out in collaboration
with S. Nandi. In that earlier work, supersymmetry simply controlled the running of the
Yukawa couplings and enabled us to restrict our attention to Dimopoulos tree diagrams
to evaluate various mass matrix elements. Here we introduce complete supermultiplets, a
superpotential and soft-breaking terms in order to study more thoroughly the consequences
of such a SUSY-GUT model.

For this purpose, we started with the 16 and 16 fermion and 1, 10, 45 and 126 Higgs
multiplets and their associated U(1)r family charges required in [2] for the SO(10) x U(1)r
model construction of the quark and lepton mass matrices. We extend these same assign-
ments to SO(10) supermultiplets and add U(1)g-conjugate Higgs supermultiplets to make
the [SO(10)]> x U(1)F triangle anomaly vanish. The [U(1)r]® triangle anomaly will also
vanish, so the model is anomaly-free with the addition of a pair of SO(10) singlet super-
multiplets, both with U(1)r charge -12. Since these supermultiplets correspond to a sterile
neutrino, a conjugate sterile neutrino and their scalar neutrino partners, but with the same
U(1)r charges, they do not pair off and get superheavy.

To this set of supermultiplets derived from the Yukawa sector of the model must be
added additional pairs of U(1)p-conjugate Higgs supermultiplets belonging to 54 and 210
representations for the Higgs sector of the superpotential. These are needed in order to

generate appropriate higgsino mass matrices and to ensure that some F-flat direction exists

after the breaking of the GUT symmetry, so that the supersymmetry remains unbroken at




The large multiplicity of superfields introduced results in the development of a Landau
singularity within a factor of 1.5 of Asgur when the SO(10) gauge coupling is evolved beyond
the SUSY-GUT scale toward the Planck scale. We have argued that this should occur, for
the model is an effective theory at best since the higher level SO(10) supermultiplets do not
arise naturally in superstring models, for ex.a.mple. The appearance of the Landau singularity
suggests that the true theory near the Planck scale becomes confining when evolved down-
ward through two orders of magnitude with the higher-dimensional Higgs representations
emerging as composite states of that theory.

By the introduction of a Z, discrete symmetry and the judicious choice of chiral sym-
metry breaking, we find that the it can be arranged that only one pair of higgsino (Higgs)
doublets remains light at the electroweak scale; on the other hand, all higgsino triplets be-
come superheavy. Moreover, the electroweak VEV’s generated by the light pair of Higgs
doublets make lowest-order tree-level contributions only to the diagonal 22 and 33 elements
of the up quark and Dirac neutrino mass matrices, while all four elements in the 2-3 sector
of the down quark and charged lepton mass matrices receive such tree-level contributions.
This 1s in agreement with the phenomenological results obtained earlier in Ref. [2].

By the addition of soft SUSY-breaking terms to the scalar part of the Higgs potential,
nonuniversal corrections to the masses of the squark and slepton fields can be generated which
nvolve the U(1)r family charges when the VEV’s for the scalar fields and their conjugates
become unequal. The first or third family squark and slepton masses will be split further
away from the universal values than the second family, with the family receiving the smallest
mass depending upon the sign of the splitting parameter present in (6.6). Although the model
discussed is far from the usual minimal model, since only one pair of Higgs doublets survives
at the electroweak scale, the scalar potential for the Higgs doublets at that scale is similar
to that of the minimal supersymmetric standard model, MSSM. As such, the good result for

sin? f is maintained.
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As a result of the additional Higgs supermultiplets introduced in the model for the Higgs
sector, several new terms appear in the Yukawa superpotential involving an extra conjugate
pair of Higgs singlets and two 210 representations. If their corresponding Yukawa couplings
are not taken to vanish, they can alter the numerical results obtained earlier in Ref. [2]. We
shall defer for future study this point and the possible role the added neutrino singlets may

play as sterile neutrinos in neutrino oscillations.
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APPENDIX

In this Appendix we present the F-flat conditions, |Fy,|? = 0, which arise from the
requirement that supersymmetry remain unbroken at the SUSY-GUT scale, Ascur. The
F-term derivatives were already listed in (5.2) and are spelled out explicitly here. We keep
only those terms involving non-vanishing Asgyr VEV’s and require that, for each F-term
derivative, the coefficient vanish for each possible VEV direction as given in (2.6). With the

help of Ref. [33], we obtain the following results.
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1

1

210%0 + 320 PP + A2®,®, + 2p0®0X0 + KoAoAo + k1A1 Ay + Ky Ay Ay
+kr3AzAs + ph AN
Moo + #Aocg + ﬁ)\zczfz - 5\3_15‘1307‘000 + ,‘,lﬁ(noqg + K1q1q1
+K29232 + K393q3) + 20177760217}2 =0
Hobo + #/\o(bg +c2)+ fﬁ/\z(bzzz + €282) + ﬁpo'f'obo
+§;17§('50Pg + K1p1P1 + K2p2P2 + KapsPs) + 501/—277601217}2 =0 (A1)
HoCo + /\0(21%0-0 + 3%/250)60 + Az [Tl\/é(azaz + c28z) + ﬁ(bzaz + ngz)}
—‘,\}?poroco + ﬁ (2K0po90 + K1(P1d1 + q1P1) + K2(P232 + q2P2)
+x3(p3gs + q3p3)] + ;—oﬂéva’R =0
p1®1 + A3®,8; + pa®.Z; + P'1‘i’1/4-o
H1d; + GIWAL"E% - 2\%03&2?2 =0
pidy + '9%/\3(53 + &)+ #Pszz'f.‘z =0 (A2)
K1C1 + A3 [ﬁaz + 5:2/—232] G — 4\}?!’352?2 =0
191 + pa @22, + 01 B, 40
Hia1 — 2—;1-5';04(127‘2 =0
p1br + ﬁmbﬂ‘z =0 (A3)
H1€1 — 4\}?[34027'2 =0
#262 + AP, %, + Pz‘izzo + 946122
HaQ2 + lez\zcot_lz - '2%(102527'0 + paGiry) =0
p2bs + glﬁ)\z(bozz + colz) + ﬁ(ﬁzl-’zro + pabirs) = 0 (A4)
K282 + A2 [#(0052 + coda) + 917(5052 + 6052)]

"Vllg(PzEzT‘o + paCir2) =0
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2

Fy,

1

H2P2 + X28,80 + 2238, D5 + p2 B2 50 + p381 5,

Ha02 + slmkzcocz + 3%/5)\36152 - 2\3?(,020427‘0 + p3as72) =0

p2b2 + ’gﬁkz(bobz + coc2) + f’/’i/\s(blzz + 1&y)
+711—5(P2bzro + pabi72) =0

Hacz + X [ghz(aocs + coaz) + 5573 (bocs + cobs))|
+A3 [;%(claz + a1é2) + 5%(6152 + clzz)}
—Zﬁ(l’zcﬂo + p3ci2) =0

pad’ + np A%,

#aBR + 16 5500 + woigbo + 25c0] TR = 0

p3A' + i A'dg

p3vr + 14 [ﬁ/-gao + tog3b0 + IIECO] vrR=0

2u0Z0 + po®o®o + p2®2P; + 300L080 + 01 T, 54
+roAoAg + Ky Ar Ay + Ky A2 As + KL A3 A,

#67‘0 t -8_\% [po(Gag ot 463 + Cg) + p2(6a2&2 — 4b27)2 -+ CzEg)] + ﬁEO’OT

+4_\/1ﬁ0'17'17-:1 + 2\}?(&61’8 + K1P1P1 + KypaP2 + KyP3Ps)

—g7is(K0% + K10101 + K322 + Kgads) = 0

po(a? + b + c2) + pa(a2d; + baby + c282) — ooty — o1mFy + Kko(pE + )

+x1(P151 + 1@1) + £5(P2P2 + 9232) + K4(p3ps + ¢3q3) =0

#;21 + 15,80 + Ky AzA3

1+ ;\%‘gﬁroﬂ + 7115"‘;(2?5 -3¢3) =0
ayroTy — ky(pi + ¢3) =0

81 + 012, + 5’5.53/13

HiT1 + 2—\}13017‘07'1 + 2\/%",5(213:2; ~33)=0

orrory — ky(P2 +q3) =0
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(48)

(49)

(A10)



Fy,

Fy,

Fy,

Fa,

#'222 + psd,®, + 0522140

Kaf2 + ;ﬁm [—60251 + 4byby — 6251] =0
pa(@281 + byby + c28) =0

b2 + p3®,8; + 04 %5 Ao

HoT2 + ﬁps [-6015-2 + 4byby — 0152] =0
p3(@182 + brby + €18) = 0

2ugho + 1818 4+ L8258, + 2k0A0®o + 2k5A0Z0
HoPo + Ko [gj—zpobo + ﬁqoco] + FEkoPoro = 0
Hodo + JgKo(Poco + o) ~ 57Kygoro = 0
y.’l'/il + k1A Do + n'lfilﬂo

Wi + k1 (525081 + Jgcodt] + hsmirop = 0
BT + ‘\}—5"1(00?71 + aoqy) — z,j_lsﬂll'f‘o(h =0
uiAr + k1 AP0 + k1A%,

B1P1 + K1 [g%bopl + \%0041] + 711—5"'17‘0131 =0
Biq1 + ﬁ"il(copl + @oq1) — ﬁgﬁirofh =0
py Az + KAy @0 + K3 A2 %0

Wip2 + K2 5250082 + Zgcod] + hgahrops = 0
paQ2 + ﬁ"z(coﬁz + aog2) — N%K'zro@z =0
poAz + kA ®o + KaA2Zo

HaD2 + K2 [#bopz + ﬁco(h} + ﬁﬁlﬂ‘opz =0
K392 + Jsra(cop2 + aogz) — 535K5Tog2 = 0
paAs + k3 A3®y + k4 A3To + 2k, A3%,

H3P3 + K3 [3—\2/260133 + ﬁcotis] + ﬁﬂ'sroﬁa + ﬁﬂfﬂ‘ﬂ’a =0

33 + ﬁ"s(coﬁa + aod3) — 2\3?'%7’0‘?3 - \7315’5,47'IQ3 =0
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(A1)

(A12)

(A13)

(Al4)

(A15)

(A16)

(A17)

(A18)



Py As + k3 Aa®o + k5 A3T0 + 2L AT,y

7] 2
13P3 + Ka [mbopa + ﬁ%q;] + ZigkaTops + JgasTips = 0 (A19)

" 1
K393 + Jgra(cops + aogs) — 2\/%"'3’"0‘13 - ﬁﬁ'sﬂqa =0

py'S1 + €15.5;
pi't + e1tats =0
1’51 + 2535,
Byt + eat3t, =0
1y'S2 + €151 5;
py'ts + e1tits =0
1y'Ss + €255
py'ta + £xt3t; =0
L83 +€,5,5,
p3'ts +eatit, =0
p3'S3 + €151S,

ﬂ.g’t3 + Eltltz =0
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